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EXTENDED  ABSTRACT  
Captive   breeding   represents   the   last   chance   of   survival   for   many   species   faced   with  
imminent  extinction  in  the  wild  (Russello  and  Amato,  2004).  The  management  of  the  Adriatic  
sturgeon   (Acipenser   naccarii),   a   highly   imperiled   species   endemic   of   the   Adriatic   Sea,   is  
strictly   related   to   the   ex   situ   conservation   of   the   remnant   genetic   variability.   The   last  
remaining   population   of   Adriatic   sturgeon   of   certain   wild   origin   (50   F0   individuals)   is  
maintained  in  captivity  since  1977  in  a  private  aquaculture  plant,  named  V.I.P..  This  stock  is  
currently  decimated  to  only  13  breeders  (Boscari  and  Congiu,  2014).  Few  alternative  brood-­‐
stocks  of  F1   individuals,  originated   from  the  same  F0  stock,  have  been  retained  from   local  
administrations  to  be  used   in  a  near  future  and  part  of  them  were  randomly  chosen  to  be  
released  in  the  wild  disregarding  their  genetic  composition.  The  consequences  of  conducting  
breeding  programs  without  a  genetic   input  was  evaluated  in  the  Ticino  River  Park  (TRP),   in  
Italy,  where  Adriatic  sturgeon  was  restocked  in  the  last  years  (Boscari  and  Congiu,  2014).  The  
very  low  heterogeneity  observed  in  TRP-­‐F1  sample  analyzed  (Stock_1  and  Stock_2)  strongly  
suggests  the  need  of  a  complete  reorganization  and  coordination  of  the  conservation  efforts  
conducted   on   this   species,   paying   special   attention   to   the   long-­‐term   preservation   of   the  
available  genetic  diversity  based  on  more  heterogeneous  stocks.  To  this  purpose,  about  450  
animals   (V.I.P.  F1  Stock),   retained   in  captivity  at  the  V.I.P.  plant  and  obtained  from  several  
reproductions  performed  in  the  past  20  years,  were  analyzed.  Currently,  most  of  them  have  
reached  the  sexual  matuƌŝƚǇĂŶĚĐŽƵůĚďĞƵƐĞĚĂƐ͞ŶĞǁ͟ďƌĞĞĚĞƌƐŝŶĐĂƉƚŝǀĞƉƌŽŐƌĂŵs  for  ex  
situ  conservation.  
The   genetic   variability   of   all   F1   available   was   estimated   based   on   mitochondrial   and  
microsatellite  analyses  and  compared  with  the  variability  of  the  F0  stock,  taking  into  account  
the   tetrasomic   inheritance   pattern   observed   (Boscari   et   al.,   2011).   To   improve   the  
performance   of   the   Band-­‐sharing   method   used   for   parental   allocation,   a   new   tool   for  
pedigree   analysis   was   developed   allowing   the   estimation   for   each   individuals   of   a  
compatibility  index  for  all  putative  parent  pairs.    
The  pedigree  analysis  showed  that  the  V.I.P.  F1  Stock  retained  a  relevant  part  of  the  genetic  
variability   due   to   the   several   F0   parents   used   as   founders.   Moreover,   the   distribution   of  
pairwise  genetic  distances  was  used  to  estimate  threshold  values  of  distance  above  which  a  
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given  degree  of   relatedness   could  be   significantly  excluded   thus   inferring  putative   familiar  
groups  among  animals  with  unknown  pedigree.    
To  detect  possible  contamination  within  stocks  of  pure  species,  a  new  molecular  marker  for  
species  and  hybrids  identification  was  also  set  up  based  on  species-­‐specific  SNPs  in  the  first  
intron   of   the   nuclear   S7   gene   (Boscari   et   al.,   2014).   The   method   was   applied   to   all   not-­‐
allocated  animals;  hybrids  between  A.  gueldenstaedtii  or  A.  transmontanus  and  A.  naccarii  
ǁĞƌĞ ĚĞƚĞĐƚĞĚ ĂŶĚ ĞǆĐůƵĚĞĚ ĨƌŽŵ ƚŚĞ ͞breeders   ƵŶŝƚ͟ ƵƐĞĚ ƚŽ ƉůĂŶŶŝŶŐ ƚŚĞ ďƌĞĞĚŝŶŐ
scheme.  
A  long-­‐term  brood-­‐stock  management  plan  was  proposed  for  the  Adriatic  sturgeon  based  on  
a  breeding  strategy  optimized  considering  the  tetraploid  genome,  the  long  life  cycle  and  the  
high  costs  for  aquaculture.  
A  two-­‐step  strategy  is  proposed  in  which  a  first  short-­‐term  breeding  program,  relying  on  the  
only  13  remnant  individuals  of  certain  wild  origin,  is  followed  by  a  second  series  of  crosses  
among  already  mature  F1  families.  In  the  latter  case,  F1  families  were  opportunely  selected  
to   form   the   ͞ďƌĞĞĚĞƌƐ ƵŶŝƚ͟ from   the   V.I.P.   Stock,   the  major   source   of   variability   for   this  
species,  and  the  Stock_1.  This  action  also  encourages  a  strict  collaboration  among  different  
aquaculture  plants  to  plan  more  coordinated  strategies.    
The   breeding   program   here   proposed   is   not   based   on   single   individuals   but   on   familiar  
groups  instead.  A  priority  order  to  follow  for  reproduction  was  given  to  ĞĂĐŚĨĂŵŝůǇ;͞ƉƌŝŽƌŝƚǇ
ĨĂŵŝůǇ͟Ϳ.   Then,   estimation   of   genetic   distances   among   familiar   groups,   genotyped   at   24  
microsatellite  loci,  allowed  to  select  the  different  family  combinations  for  the  recruitment  of  
ŝŶĚŝǀŝĚƵĂůƐ;͞ŵĂƚŝŶŐĨĂŵŝůǇ͟ͿƚŽďĞƉĂŝƌĞĚǁŝƚŚƚŚĞ͞ƉƌŝŽƌŝƚǇĨĂŵŝůǇ͘͟  
In   order   to   test   different   strategies   in   pairing   the   mating   families   and   with   the   aim   of  
assessing  optimal  number  of  breeders  per  family  to  reproduce,  simulations  were  performed  
under  different  scenarios  and  the  efficiency  of  allele  transmission  was  evaluated  in  F2  virtual  
generations.   Economical   and   logistical   aquaculture   constraints   were   also   simulated   to  
evaluate  the  feasibility  of  the  program  and  the  necessary  economical  support.  
Results  generally  suggest  that,  in  the  short-­‐term,  the  best  strategy  to  maximize  the  retention  
ŽĨŐĞŶĞƚŝĐǀĂƌŝĂƚŝŽŶƉƌĞƐĞŶƚ ŝŶƚŚĞ&ϬƉĂƌĞŶƚĂůƐƚŽĐŬŝƐƚŚĞƐĞůĞĐƚŝŽŶŽĨƚŚĞ͞ŵĂƚŝŶŐĨĂŵŝůǇ͟  
based   on   genetic   distance.   Simulations   showed   that   the   recommended   number   of  
individuals   to   reproduce   per   family   is   three.   Moreover,   detailed   information   about   the  
number  of  individuals  to  release  were  also  reported.  
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This   work   represents   the   first   involved   in   the   planning   of   a   coordinated   strategy   for   the  
successful   long-­‐term   preservation   of   the   Adriatic   sturgeon.   Additionally,   the   plan   here  
proposed  is  in  line  with  the  general  consideration  of  the  ex  situ  conservation  as  a  temporary  
solution  with  the  final  aim  to  reach  self-­‐sustaining  population  to  release.    
Finally,   this   strategy  might   be   an   example   to   plan   breeding   schemes   for   other   tetraploid  
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1. GENERAL  INTRODUCTION  
1.1  Preamble  
The  present  work  arises  from  the  need  of  an  urgent  and  specific  captive  breeding  plan  for  
the  safeguard  of  the  critically  endangered  and  possibly  extinct  in  the  wild  Adriatic  sturgeon  
(Acipenser  naccarii).  Overfishing,  introduction  of  alien  species  and  habitat  degradation  have  
caused   the   drastic   decline   of   natural   populations   of   this   species,   which   represented   an  
important  endemism  of  the  Adriatic  region,  since  1996  listed  in  the  Red  List  of  the  IUCN.    
Despite   the   several   restocking   programs   performed   in   the   last   decades,   the   status   of   the  
Adriatic   sturgeon   is   not   significantly   improved   and   no   evidences   of   natural   reproductions  
have  been  reported  in  the  last  20  years  
Today,  the  recovery  of  the  A.  naccarii  mostly  depends  on  the  correct  management  of  captive  
F1  stocks  obtained  by  crosses,  performed  in  the  last  30  years,  among  individuals  of  the  last  
captive  stock  of  certain  wild  origin.  
Since   no   further   inputs   from   the   wild   are   possible,   and   since   all   the   available   breeders  
directly   descend   from   a   limited   number   of   wild   animals,   the   correct  management   of   the  
residual   genetic   diversity   represents   a   priority   task.   To   this   purpose,   the   artificial  
reproduction  should  be  performed  after  planning  a  breeding  scheme  aimed  to  maximise  the  
fraction  of  genetic  diversity  transmitted  to  the  following  generations.    
In  order  to  propose  a  suitable  breeding  program  for  the  Adriatic  sturgeon,  main  goal  of  the  
present  thesis,  different  aspects  must  be  taken  into  account,  such  as  the  tetraploid  level  of  
the  species,  its  biological  features  well  as  economical  and  logistical  constraints.  
The  breeding  plan  here  proposed  should  be  considered  as  a  solid  starting  point   for  needed  
actions  that  must  necessarily  compose  a  long  term  conservation  program  and  that,  besides  
the  restocking  activities,  also  include  environmental  restorations,  monitoring  strategies,  and  
building  of  public  awareness.    
The   results   of   this   thesis   could   be   considered   as   example   for   other   tetraploid   sturgeon  
species  for  which  similar  efforts  are  required.  
͞This  widespread  evidence  of  decline  alerts  us  to  the  fact  that  despite  protective  
fishing   regulations,   sturgeon   are   still   in   trouble   due   to   historic   fishing,   current  
illegal   fishing   and   habitat   degradation͕͟ ƐĂǇƐ ƌ <ĞŶƚ ĂƌƉĞŶƚĞƌ͕ /hE 'ůŽďĂů
Marine  Species  Assessment  DiƌĞĐƚŽƌ͘͞This  is  alarming  given  their  unique  lineage  
and  particular  vulnerabilitǇ͘͟  (IUCN)  
  
"Sturgeon  have  survived  dramatic  change  over  the  past  250  million  years  only  to  
face  the  serious  threat  of  becoming  extinct  as  a  direct  result  of  human  activities.  
Illegal  catch,  over  fishing,  the  breaking  up  of  the  migratory  routes  and  pollution  
are   the   key   elements   that   have   driven   almost   all   species   to   the   brink   of  
extinction,͟ƐĂǇƐƌDŽŚĂŵŵĂĚWŽƵƌŬĂǌĞŵŝ͕ĐŚĂŝƌ/hEͬ^^^ƚƵƌŐĞŽŶ^ƉĞĐŝĂůŝƐƚ
'ƌŽƵƉ͘͞The  latest  Red  List  assessment  shows  an  increasingly  alarming  status  of  
natural  populations."  (IUCN)  
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1.2  Conservation  genetics  
During   the   last   decades   the   application   of   genetic   theories   and   techniques   in   elucidating  
ĂƐƉĞĐƚƐŽĨ ƐƉĞĐŝĞƐ͛ ďŝŽůŽŐǇ ƌĞůĞǀĂŶƚ ƚŽ ĐŽŶƐĞƌǀĂƚŝŽŶŵeasures   (e.g.  habitat   fragmentation,  
species  adaptation,  inbreeding  depression)  (Hedrick  2001;  DeSalle  and  Amato,  2004;  Pertoldi  
et  al.,  2007)  is  becoming  ever  more  important.  Understanding  the  processes  that  lead  to  the  
loss   of   genetic   variation   represents   an   important   step   towards   promoting   adequate  
strategies   to   reduce   the   risk   of   extinction   of   endangered   species.   Conservation   genetics,  
whose  ͞central  dogma͟ ŝƐcentred  on  the  preservation  of  the  amount  of  genetic  variability  
and   thus   the   preservation   of   an   important   fraction   of   biodiversity   (Witzenberger   and  
Hochkirch,  2011),  is  a  scientific  discipline  originated  from  the  strict  contribution  of  genetics  
and  ecology  with  conservation  biology  (Pertoldi  et  al.,  2007;  Van  Dyke  2008).  
The  multiple  causes  that   lead  to  the  extinction  of  a  species  can  be  divided   into  two  types,  
that  identify  two  non-­‐mutually  exclusive  categories  of  causes  of  the  extinction  process  (Leus,  
2011).    
The   first   includes   causes   mainly   associated   with   human   impact.   The   human-­‐threats   can  
involve   directly   the   species   such   as   fishing,   exploitation   for   commercial   purposes   and  
competition  with  exotic  species  artificially  introduced  in  the  wild;  but  more  indirect  threats  
can   also   impact   natural   environments   such   as   pollution,   habitat   degradation   and  
fragmentation.  
The   second   category   of   causes   of   extinction   is   not   linked   to   human   activities;   it   is  mainly  
represented   by   stochastic   demographic   and   genetic   processes   such   as   genetic   drift,  
inbreeding  and  natural  environmental  variations,  which  could  cause  fitness  reduction  or  high  
mortality.   Moreover,   populations   already  
small  are  much  more  susceptible  to  these  
events.   In   this   case,   additional  
management  activities  must  be  applied  to  
support   the   in   situ   conservation,   which  
alone   would   not   be   sufficient   to   avoid  
extinction   (Leus,   2011;   Witzenberger   and  
Hochkirch,   2011).   In   this   context,   captive  
breeding   (ex   situ   activities)   becomes   a  
fundamental   approach   for   the   safeguard  
of   imperilled  species   (Fig.  1)  and,   in  some  
cases,   is   considered   as   the   last   chance   of  
survival   for   many   species   faced   with  
imminent   extinction   in   the   wild   (Russello  
and   Amtao,   2004;   Araki   et   al.,   2007;  
Frankham,  2008;  Leus  2011).    
In   2008,   Frankham   (2008)   has   estimated  
that  the  number  of  terrestrial  vertebrates  
Figure   1:   Schematic   view   of   actions   required   in  
relation   to   the   status   of   a   specie   or   a   population  
(Fraser,  2008).  
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species  that  would  require  a  captive  managing  was  around  2000-­‐3000.  
A  standard  captive  breeding  plan  should  be  aimed  to  preserve  the  maximum  proportion  of  
gene  diversity  of   the  wild   species   in   captive   stocks   (Frankham  et  al.,  2002;   Leus  2011).  To  
reach  this  goal,  each  plan  must  be  based  primarily  on  three  criteria.    
dŚĞ ĨŝƌƐƚ ŝƐ ƚŚĞ ͞founder   assumption͟ ƚŚĂƚ ĐŽŶƐŝĚĞƌƐ ƚŚĞ ŐƌŽƵƉ ŽĨ ĨŽƵŶĚĞƌƐ ĂƐ Ƶnrelated  
individuals   and   as   representatives   of   the   species   (Russello   and  Amato,   2004;   Rudnick   and  
Lacy,  2008;   Lacy  2012).   The   second  criterion   is   that  populations  used   for   captive  breeding  
must   be   sufficiently   large.   Crow   and   Kimura   (1970)   have   estimated   that   a   97.5%   of   gene  
diversity  of  a  population  could  be  retained  starting  from  20/30  founders.  The  third  criteria  
recommends  a  careful  planning  of  the  mating  scheme  (Leus  2011).    
To  carry  out  a  correct  planning  of  a  breeding  program,  two  main  goal  must  be  satisfied:  the  
establishment  of  an  adequate  ͞breeders  unit͟   in  which   the  genetic  diversity  of  the  species  
(or   population)   is   best   represented   (Goldenstein  et   al.,  2000),   and   the   choice   of  breeding  
pairs  and  the  definition  of  their  priorities  (Myers  et  al.,  2001).  To  this  purposes  a  complete  
genetic  characterization  of  all  individuals  available  is  necessary  to  perform  an  estimation  of  
relatedness   among   individuals   and   a   reconstruction   of   pedigrees   for   animals   obtained   by  
past   reproductions   performed   in   captivity   (Kozfkay   et   al.,   2008;   Congiu   et   al.,   2011).  
Molecular  markers  are  generally  used  to  this  purpose  and  they  allow  also  to   infer  possible  
relationships  among  animals  with  unknown  ancestry  (Russello  and  Amato,  2004).    
Finally,   considering   the   recommendation   to   use   captive   breeding   only   as   a   temporary  
measure  (Philippart  1995;  Snyder  et  al.,  1996),  the  new  generations  should  be  managed  with  
the  final  aim  to  maximize  the  adaptive  success  of  the   individuals   in  the  case  of  releases   in  
adequate  target  environments,  generating  self-­‐sustaining  populations  (Fraser  2008;  Kozfkay  
et  al.,  2008;  Tzika  et  al.,  2009;  Boscari  and  Congiu,  2014).  
In  the  last  decades,  the  introduction  of  
new   techniques   for   genetic   analysis  
such   as   randomly   amplified  
polymorphic   DNA   (RAPD),   restriction  
fragment   length   polymorphisms  
(RFLP),   amplified   fragmented   length  
polymorphisms   (AFLP),   DNA  
sequencing,   microsatellites   and   SNPs  
has   significantly   improved   the  
efficiency   of   the   genetic  
characterization.   In   detail,  
microsatellites   are   the   most   widely  
used  markers   for   animal   conservation  
(Fig.   2)   (DeSalle   and   Amato,   2004;  
Russello   and   Amato,   2004;   Rodzen   et  
al.,   2004;   Fopp-­‐Bayat   and   Luczynski,  
2006;  Hayes  et  al.,  2006;  Witzenberger  
Figure   2:   Cumulative   number   of   studies   with   different  
molecular  markers.  The  use  of  microsatellites  started  during  
the   1990s   and   then   is   exponentially   increased  
(Witzenberger  and  Hochkirch,  2011).  
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and   Hochkirch,   2011).   Many   studies   involved   in   parentage   reassignment   in   aquaculture  
brood-­‐stocks  showed  a  90%  correct  parental  allocation  using  microsatellite  data  with  over  
100  possible  parental  pairs  (Garcia  de  Leon  et.  al,  1998;  Estoup  et  al.,  1998;  Waldbeiser  and  
tŽůƚĞƌƐ͕ϭϵϵϵ͖K͛ZĞŝůůǇet  al.,  1998;  Norris  et  al.,  2000).  
Unfortunately,   no   genetic   guidelines   were   followed   during   some   past   rehabilitation  
programs  (Teichert-­‐Coddington  and  Smitherman,  1988;  Huanh  and  Liao,  1990).  The  absence  
of  an  adequate  genetic  support  to  rehabilitation  program  might  cause  a  detrimental  impact  
on   the   residual   variability   of   a   species  probably   due   to   a   biased   selection   of   animals   (e.g.  
employing  a  low  number  of  breeders  or  mating  related  animals).    
This  is  the  case  of  sturgeons  (Hayes  et  al.,  2006;  Doukakis  et  al.,  2009).  
  
1.3  Sturgeons  and  conservation  
Sturgeons  (order  Acipenseriformes,  superorder  Chondrostei)  are  an  ancient  fish  group  of  the  
northern   hemisphere   (Fig.   3),   composed   by   about   25   species,   considered   evolutionary,  
ecologically  and  commercially  important  (Birstein  and  DeSalle,  1998;  Anders  et  al.,  2011).    
The  evolutionary   relevance  derives   from   their   key  phylogenetic  position  with  a   separation  
from   teleosts   over   200   Mya   and   see  
them   as   one   of   the   most   archaic  
lineages   of   vertebrates   (Bemis   and  
Kynard,   1997;   Ludwig   et   al.,   2001;  
Fontana  et  al.,  2001;  Peng  et  al.,  2007;  
Krieger   et   al.,   2008).   Moreover,   their  
primitive   characteristics,   which   allow  
naming  ƚŚĞŵĂƐ͞Living  Fossils͕͟ĂƌĞŽĨ
particular   interest   from   an  
evolutionary  point  of  view  (Billard  and  
Lecointre,  2001;  Peng  et  al.,  2007).    
From   a   commercial   point   of   view,  
these   animals   produce   one   of   the  
most   valuable   and   exclusive   food  
commercialized  worldwide:  the  caviar,  
composed   by   unfertilized   eggs  
(Ludwig,  2008).  Besides  its  tasteful  delicacy,  the  high  economic  value  is  justified  by  the  rarity  
of  the  producer  species.    
 ƌĞĐĞŶƚ ƌĞƉŽƌƚ ƐƵŐŐĞƐƚĞĚ ƚŚĂƚ ϴϱй ŽĨ ǁŽƌůĚ͛Ɛ ƐƚƵƌŐĞŽŶ ƐƉĞĐŝĞƐ ĂƌĞ ĐƵƌƌĞŶƚůǇ Ăƚ ƌŝƐŬ ŽĨ
extinction,  making  them  the  most  threatened  group  of  animals  on  the  Red  List  of  threatened  
species  of  the   International  Union  for  Conservation  of  Nature   (IUCN).  For  these  species  the  
drastic  decline   is  probably  due   to  an  over-­‐exploitation   for   caviar  production  along  with,   in  
some  cases,  significant  habitat  degradation  (Bronzi  et  al.,  2011).  
  
Figure   3:   Distribution   of   sturgeons   and   paddlefish   in   the  
northern  hemisphere  (Pikitch  et  al.,  2005)  
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͞Sturgeon  more  critically  endangered  than  any  other  group  
of  species  
18  March  2010  |  International  news  release  by  IUCN  
  
Eighty  five  percent  of  sturgeons,  one  of  the  oldest  families  of  fishes  in  existence,  
valued  around  the  world  for  their  precious  roe,  are  at  risk  of  extinction,  making  
them  the  most  threatened  group  of  animals  on  the  IUCN  Red  List  of  Threatened  
^ƉĞĐŝĞƐΡ͘dŚĞůĂƚĞƐƚƵƉĚĂƚĞŽĨƚŚĞZĞĚ>ŝƐƚĂƐƐĞƐƐĞĚƚŚĞƐƚĂƚƵƐŽĨϭϴƐƉĞĐŝĞƐŽĨ
sturgeon  from  all  over  Europe  and  Asia  and  found  that  all  were  threatened.͟  
  
As   a   result   of   the   continuous   deterioration   of   the   status   of   the   sturgeon   species,   several  
efforts   to   minimize   this   negative   trend   and   many   measures   to   preserve   the   remnant  
populations   were   considered   in   the   last   decades.   At   the   same   time,   several   different  
countries  have  shown  a  considerable  increase  of  aquaculture  practices.  In  Europe,  mainly  in  
France,  Italy  and  Germany,  a  successful  captive  rearing  was  performed  for  A.  transmontanus,  
A.   baerii,   A.   naccarii  and   A.   ruthenus  A.   gueldenstaedtii   (Bronzi  et   al.,  1999;  Williot  et   al.,  
2001;  Nathanailides  et  al.,  2002).  
The   number   of   studies   on   conservation  biology   has   rapidly   grown   and   for  many   sturgeon  
species   several  efforts   to  produce  guidelines   for   their   safeguard  and   to  plan   specifically   in  
situ  and  ex  situ  recovery  actions  were  developed.  As  an  example,  since  1999  China  started  
the   action   plan   for   brood-­‐stock   collection   for   Kaluga   (H.   dauricus)   and   Amur   sturgeon   (A.  
schrenckii)  in  order  to  reduce  the  heavy  fishing  pressure  on  natural  populations  (Wei  et  al.,  
2004).   Similarly,   40   wild   specimens   per   year   of   the   Chinese   sturgeon   (A.   sinensis)   were  
collected   in   the  Yangtze  River   to  establish   captive  breeding  units   for   subsequent   releasing  
activities  (Wei  et  al.,  2004;  Wang  et  al.,  2011).  Other  examples  are  the  restoration  efforts  for  
the  Atlantic  sturgeon  (A.  oxyrinchus)  (Waldam  and  Wirgin,  1997),  the  conservation  program  
involving  the  white  sturgeon  (A.  transmontanus)  in  the  Kootenai  River  (USA)  started  in  1990  
(Ireland  et  al.,  2002)  and  the  Adriatic  sturgeon  (A.  naccarii)  in  the  Po  River  (Italy)  started  in  
1977  (Bronzi  et  al.,  1999;  Congiu  et  al.,  2011).  
Despite   these  actions,   information  about   the   real   status  of  most   species   is   still   scarce  and  
fragmented.    
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1.4  The  Adriatic  sturgeon  (Acipenser  naccarii)  
2.2.1  Systematic  classification:  
PHYLUM   Chordata  
Figure  4:  Adriatic  sturgeon  (Acipenser  naccarii)  
SUBPHYLUM   Vertebrata  
CLASS   Osteichthyes  
SUBCLASS   Actinopterygii  
SUPERORDER   Chondrostei  
ORDER   Acipenseriformes  
FAMILY   Acipenseridae  
SUBFAMILY   Acipenseinae  
GENUS   Acipenser  
  
1.4.1  Distribution  and  status  of  the  species  
The  Adriatic  sturgeon  (Acipenser  naccarii)   is  a  tetraploid  species  representing  an  important  
endemism  of  the  Adriatic  region  where,  two  additional  sturgeon  species  were  also  present  
until   the   late   70ies   and   are   now   locally   extinct:   the   Atlantic   sturgeon   (A.   sturio)   and   the  
Beluga  (Huso  huso)  (Bemis  and  Kynard,  1997;  Birstein  and  Bemis,  1997).    
Once  widely   distributed   in   nearly   all   the  main   tributaries   of   the   Adriatic   Sea,   the   Adriatic  
sturgeon  is  currently  considered  to  be  at  high  risk  of  extinction.   In  fact,   its  presence  in  the  
wild  has  dramatically  decreased  as  testified  by  catch  records  of  2000  Kg/year   in  the  1970s  
that  became  only  200  Kg/year  in  1990/1991  and  only  19  individuals  captured  in  1993  (Bronzi  
et  al.,  1994).    
Since   1998   it   is   included   in   the   Annex   II   of   the   Conservation   in   International   Trade   in  
Endangered  Species  (CITES)  and  since  1996  it  was  also  listed  in  the  Red  List  of  the  IUCN.    
Moreover,   in   a   recent   press   released   by   the   IUCN,   the   Adriatic   sturgeon   was   reclassified  
ĨƌŽŵ͞vulnerable͟  ƚŽ͞critically  endangered  and  possibly  extinct  in  the  wild͟ƐŝŶĐĞŶŽŶĂƚƵƌĂů
spawning  has  been  recorded  in  the  last  20  years  (Congiu  et  al.,  2011).    
  
1.4.2  Anatomy,  habitat  and  biological  cycle  
As   representative   of   the   family   Acipenseridae,   the   species   A.   naccarii   has   all   the   archaic  
characteristics   of   these   ͞Living   Fossil͘͟ ŵŽŶŐ ƚŚĞŵ͕ ŝƚ ƉƌĞƐĞŶƚƐ Ă ĐĂƌƚŝůĂŐŝŶŽƵƐ ƐŬĞůĞƚŽŶ͕
acentric  vertebrae  due  to  the  persistence  of  the  notochord  and  heterocercal  caudal  fin.    
As  all   sturgeons,   it  presents  very   small  eyes   in   compared  to   the   large   fish   size   that   in   this  
specie  can  reach  two  meters  in  length  and  80  kg  in  weigh.  The  mouth  is  ǀĞŶƚƌĂů͞ƉƌŽĐƚĂĐƚŝůĞ͟
and   the   rostrum  with   tactile   barbels   reveals   its  benthivore   feeding  habits.   The   rest  of   the  
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body  has  not  acquired  the  typical  specializations  of  a  benthic  life-­‐style  (Billard  and  Lecointre,  
2001)   probably   because   sturgeons   are   also   long   distance   swimmers   as   required   by   their  
anadromous  reproductive  behaviour.    
Its  life  cycle  is  quite  long  and  individuals  can  live  beyond  50  years.  The  sexual  maturity  occurs  
late,   at   8-­‐10   years   for  males   and  10-­‐12   years   for   females;  moreover,   reproduction   cannot  
occur  annually  (Billard  and  Lecointre,  2001).  
  
1.5  Background  on  the  status  of  the  species  
The   first   conservation  measure   for   the   Adriatic   sturgeon   started   in   1977,   when   about   50  
immature  wild   animals  were   transferred   from   the  Po  River   and   its   tributaries   to   a  private  
aquaculture   plant   (named   V.I.P.)   located   in  Northern   Italy   (Orzinuovi  ʹ   BS),   thanks   to   the  
owner  Giacinto  Giovannini.  This  collection  of  wild  animals  represented  the  beginning  of  the  
ex  situ  conservation  efforts  for  this  species  (Bronzi  et  al.,  1999).  
At   that   time,   this   action  was   not   aimed   to   establishing   a   captive   brood-­‐stock   but,   on   the  
contrary,   it   was   driven   only   by   the   passion   of   Giacinto   Giovannini   for   these   animals.  
However,   the   total   absence   of   evidence   of   reproductive   events   occurring   in   the   wild   in  
subsequent  years  and  the  status  of  vulnerability  of  the  species  given  by  the  IUCN,  made  this  
stock   (from   now   on   named   F0   stock)   exceptionally   important.   The   F0   stock   is   presently  
considered  the  last  remaining  group  of  animals  of  certain  wild  origin  (Congiu  et  al.,  2011).  All  
A.  naccarii  reared  in  captivity  worldwide  directly  descend  from  this  limited  F0  parental  stock.  
In  1988,  the  first  captive  reproduction  performed  by  hormonal  induction  and  squeezing  was  
successful  and  since  then,  at  the  V.I.P.  plant,  crosses  between  F0  individuals  were  performed  
annually  and  several  stocks  of  F1  generation  were  produced.  During  the  last  20  years,  many  
F1   stocks  were   purchased   by   local   administrations   (e.g.  Ticino   River   Park   and   Province   of  
Piacenza)  with  the  aim  of  releasing  fingerlings  and  establishing  their  own  future  F1  captive  
brood-­‐stocks.   Up   to   2001   the   estimated   production   for   consumption   only   was   of   few  
hundred   tons   per   year   (Billard   and   Lecointre,   2001)   while   for   restocking   activities   over  
300.000  juveniles  were  released  in  the  wild  between  1988  and  2007.    
Following   most   reproductions   performed   at   the   V.I.P.   hatchery,   part   of   the   fingerlings  
produced  were   collected   and   reared   in   the   same  plant   as   future  breeders.  Most   of   these  
animals  have  now  reached  the  sexual  maturity  (Congiu  et  al.,  2011).  
/Ŷ ϭϵϵϮ͕ ƚŚĞ ƵƌŽƉĞĂŶ ŽƵŶĐŝů ĞƐƚĂďůŝƐŚĞĚ ƚŚĞ ͞>ŝĨĞ EĂƚƵƌĂ͟ ĂƐ ŝŶƐƚƌƵŵĞŶƚ ĨŽƌ ĨŝŶĂŶĐŝĂů
support   to   projects   aimed   to   the   conservation   of   species   and   habitats.   In   2003/2004,   the  
European   Union   has   approved   two   LIFE   projects   aimed   to   the   restoration   of   the   Adriatic  
ƐƚƵƌŐĞŽŶŝŶ/ƚĂůǇ͗͞Conservazione  di  Acipenser  naccarii  nel  fiume  Ticino  e  nel  medio  corso  del  
Po͟ĂŶĚ͞>/&K/WƌŽũĞĐƚ͘͟  
ƵƌŝŶŐ ƚŚĞ ͞>ŝĨĞŽďŝĐĞƉƌŽũĞĐƚ͟ Ă ĐŽŵƉůĞƚĞ ĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨ ƚŚĞƉĂƌĞŶƚĂů &ϬǁŝůĚ ƐƚŽĐŬ
was  performed  in  order  to  evaluate  the  remnant  variability  of  this  species.  All  F0  individuals  
were   genotyped   at   24  microsatellite   loci   and   for   all   specimens   the  mitochondrial   control  
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region  (dLoop)  was  completely  characterized  identifying  6  mitochondrial  haplotypes  (Congiu  
et  al.,  2011).  
Although  the  F0  stock  is  composed  by  few  animals,  some  of  which  already  dead  at  the  time  
of   sampling   for   the   characterization,   genetic  data   show   that   a   good  diversification  among  
animals  is  still  present  (Fig.  5)  (Congiu  et  al.,  2011).    
The  parental  F0  stock  is  now  decimated  to  only  13  individuals  due  to  their  ripe  age,  making  
the  F1   stocks  an   increasingly   important   source  of   remnant  genetic   diversity.  This  available  
diversity   must   be   characterized   by   pedigree   reconstruction   in   order   to   collect   relevant  
information  to  be  used  in  recovery  plans.  
  
Figure  5:  Multi-­‐Dimensional  
Scaling   (MDS)   obtained  
from   the   pairwise   genetic  
distances   at   24  
microsatellite   loci   among  
the   individuals   (N=42)   of  
the  F0  stock.  The  black  and  
white   colours   indicate   the  
mtDNA  haplogroup  Po1  and  
Po2,   respectively.   Stress  
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2. AIM  OF  THE  WORK  
Considering  that  the   last  remaining  population  of  certain  wild  origin   (F0  stock),   retained   in  
captivity  since  1977,  was  decimated  to  few  individuals,  the  several  F1  specimens  available  in  
different   aquaculture   plants   are   the  most   important   source   of   variability   for   this   species.  
Most  of  them  have  now  reached  the  sexual  maturity;  hence,  the  ex  situ  conservation  on  the  
F1   generation   is   the   only   viable   approach   for   the   safeguard   and   the   restoration   of   this  
endemic  species.    
The  main  goal  of  this  project   is  the  management  of  all  the  F1  stocks  of  A.  naccarii  through  
their  complete  genetic  characterization  at  mitochondrial  and  microsatellite  markers.    
Pedigrees   and   relationships   among   individuals   will   be   reconstructed   based   on   the  
genotyping,  and  will  be  taken  into  account  to  plan  a  specific  long-­‐term  breeding  scheme.  
Within   the   project   different   aspects   of   evolutionary   and   biological   interest   were   also  
investigated   in   order   to   fill   important   gaps   in   knowledge   and   to   develop   methodological  




In  detail,  the  following  aspects  were  examined:  
1. Investigation   on   segregation   inheritance   pattern   in   the   tetraploid   genome   of   A.  
naccarii  (Boscari  et  al.,  2011  ʹ  Annex  A).  
2. Evaluation  of  the  consequences  of  conducting  breeding  program  without  the  support  
of  genetic  investigations  (Boscari  and  Congiu,  2014,  Accepted  ʹ  Annex  B).  
3. Development   of   a   tool   for   species   and   hybrid   identification   to   identify   possible  
contamination  within  stocks  of  pure  species  (Boscari  et  al.,  2014,  In  press  ʹ  Annex  C).  
4. Development   of   a   new   allocation   procedure   for   parental   assessment   and   pedigree  
reconstruction  in  polyploid  organisms.  
5. Genetic  characterization  of  the  available  stocks  of  A.  naccarii  reared   in  captivity  for  
conservational  purposes.  
6. Development  of  a  management  plan  for   the  Adriatic   sturgeon  and  evaluation  of   its  
sustainability  in  aquaculture  (Boscari  et  al,  manuscript  ʹ  Annex  D,  points  4,  5  and  6).  
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3. RESULTS  AND  DISCUSSION  
The   content   of   the   four   publications   resulted   from   this   study   are   summarized   in   the  
following  chapters.  At  the  end  of  the  four  summaries,  the  detailed  original  publications  (or  
manuscripts)  are  annexed  (Annexes  A,  B  C  and  D).  
  
3.1  Inheritance  pattern    
(original  publication  in  Annex  A)  
Sturgeons   present   a   very   complex   and   fragmented   genome   with   a   high   number   of  
chromosomes  and  micro-­‐chromosomes   (Van  Eenennaam  et  al.,   1998;   Ludwig  et  al.,  2001)  
and   different   levels   of   ploidy   that   make   difficult   genetic   investigations   necessary   for   a  
correct  management  (Ludwig  2006).  
Different   ploidy   levels   are   the   result   of   independent   duplication   events   occurred   from   a  
common   ancestor   with   60   chromosomes   (Birstein   and   Bemis,   1997;   Ludwig   et   al.,   2001;  
Fontana  et  al.,  2008).  Based  on   the  number  of  chromosomes,   two  main  groups  of   species  
with  120  and  240  chromosomes,  respectively,  originated  from  these  duplication  events.  The  
ploidy   degrees   of   these   two   groups   are   still   debated.   Some   authors,   in   fact,   assign   a  
tetraploid   and   ottoploid   condition   to   the   two   groups   with   120   and   240   chromosomes,  
respectively   ;ŝƌƐƚĞŝŶ ĂŶĚ sĂƐŝů͛Ğǀ͕ ϭϵϴϳͿ͖ ǁŚŝůĞ   others   consider   the   same   two   groups   as  
diploid   and   tetraploid   due   to   a   functional   reduction   following   the   genome   duplication  
(Fontana  et  al.,  2007).  
The   Adriatic   sturgeon   (A.   naccarii)   presents   more   or   less   240   chromosomes   and   it   is  
considered   a   functionally   tetraploid   species   (Fig.   6)  
(Fontana  et  al.,  1999;  Fontana  2002).  
The   tetraploid   condition   can   be   generally   reached   by  
two  mechanisms,  an  auto-­‐  or  an  allo-­‐polyploidization,  
to   which   different   modalities   of   inheritance   are  
associated,   namely   tetrasomic   and   disomic,  
respectively  (Stift  et  al.,  2008;  Boscari  et  al.,  2011).    
In  the  case  of  tetrasomic  inheritance,  four  homologous  
chromosomes   can   randomly   pair   during   meiosis   and  
can   segregate   in   six   chromosome   combinations.   This  
pattern   is   usually   associated   to   intraspecific   genome  
duplications  (auto-­‐polyploidy).  On  the  contrary,   in  the  
case   of   disomy,   the   four   chromosomes   cannot   pair  
randomly   due   to   the   presence   of   homoeologues  
chromosomes.   Thus,   only   the   homologous  
Figure   6:   Metaphase   of   A.   naccarii  
with   In   situ   hybridization   for   the   5S  
rDNA  (Fontana  et  al.,  1999).  
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chromosomes   will   pair   during   meiosis   but   will   not   segregate   into   the   same   gamete,  
generating  only  four  chromosome  combinations.  This  pattern  is  associated  to  hybridization,  
very  common  in  sturgeons,  followed  by  genome  duplication  (allo-­‐poliploidy)  (Wendel  2000;  
Stift  et  al.,  2008;  Meirmans  and  Van  Tienderen,  2013).  
Understanding  whether  A.  naccarii   follows  a  tetrasomic  or  a  disomic   inheritance  pattern   is  
important  in  a  project  aimed  at  planning  allocation  procedures.  In  fact,  the  variation  of  the  
alleles   potentially   inheritable   from   parents   does   change   the   expected   genotypes   in   the  
offspring.  
This  aspect  would  further  contribute  to  set  up  a  procedure  to  generate  virtual  offspring  and  
a  more  accurate  pedigree  useful  for  breeding  plan;  moreover,  from  an  evolutionary  point  of  
view,  this  topic  could  be  useful  also  to  understand  the  origin  of  tetraploidy  in  this  species.  
For  this  purpose,  microsatellite  inheritance  patterns  were  analyzed  in  7  complete  families  at  
7  microsatellite  loci,  for  a  total  of  12  family/locus  combinations  and  174  individuals  analyzed.  
For  each  available  family,  the  loci  considered  were  opportunely  selected  among  the  24  loci  
genotyped  during  the  characterization  of  the  F0  stock   (Congiu  et  al.,  2011).  Each  locus  was  
considered  informative  only  if  one  parent  of  each  family  pair  was  completely  heterozygous  
in   order   to   have   the   presence   of   each   allele   in   single   copy,  while   the   other   parent   could  
share  no  more  than  1  allele  with  the  heterozygous  parent.  More  details  are  reported  in  the  
publication  (Boscari  et  al.,  2011  in  Annex  A).    
In  this  way,  supposing  a  sufficient  number  of  offspring  per  family,  it  is  possible  to  trace  in  the  
progeny  the  different  allele  combinations  inherited  from  the  heterozygous  parent.  
At   all   7   loci   analyzed,   all   six   possible   combinations   were   observed,   allowing   to  
unambiguously   reject   a   strict   disomic   inheritance   and   to   suggest   tetrasomy   as   the   more  
likely  model  in  any  of  the  cross  combinations.    
To  compare   the  null  hypothesis  of   tetrasomy   (H0)  with  disomic  pattern  and  with  different  
intermediate  models  of   inheritance,  a   likelihood  ratio  test  was  applied,  with  1  df   following  
the  model   proposed   by   Stift   et   al.   (2008).   This  method   allowed   to   reject   a   strict   disomic  
pattern,  confirming  the  previous   results,  and  also  any   intermediate  models  which  resulted  
no  significantly  better  than  the  null  hypothesis  of  tetrasomy  (Boscari  et  al.,  2011).  
These   results   provide   relevant   information   to   the   establishment   of   an   optimal   parental  
allocation   procedure   considering   equally   probable   the   six   chromosome   combinations  
expected  in  a  tetrasomic  inheritance  pattern.    
The  high   incidence  of  hybridization  events   among   sturgeon   species   leads   to   consider   allo-­‐
polyploidization   as   the   more   probable   cause   of   the   tetraploid   condition   in   sturgeons.  
However,  this  study  suggests  that  a  current  ploidy  level  in  the  Adriatic  sturgeon  was  reached  
through  an  auto-­‐polyploidization  event,  involving  only  one  species.    
A.   naccarii   shows   a   very   high   genetic   similarity   with   other   three   sturgeon   species   (A.  
gueldenstaedtii,  A.  persicus  and  A.  baerii)  with  which  shares  a  common  ancestor  generating  
a   single  phylogenetic   cluster.  About   the   segregation  pattern  of   these   species   there  are  no  
information   but,   considering   that   Ludwig   et   al.   (2001)   suggested   a   genome   duplication  
occurred   in   the   common   ancestor   of   this   group  of   species,   it   is   possible   to   expect   similar  
results  in  the  three  species  A.  gueldenstaedtii,  A.  persicus  and  A.  baerii.     
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3.2  Sturgeon  species  and  hybrids  identification  
(original  publication  in  Annex  B)  
The  ability  to  correctly  identify  sturgeon  species  is  a  critical  prerequisite  to  fighting  the  illegal  
market  of  caviar  (Knapp  et  al.,  2006)  but  has  also  a  direct  application  to  conservation  since  it  
would   ensure   the   identification   of   individuals   as   belonging   to   the   same   species   to  build   a  
management  unit  (Herran  et  al.,  2004).    
In  regard  to  sturgeons,  there  are  known  difficulties  in  genetic  differentiation  among  different  
species.  Most  of  them  cannot  be  identified  due  to  their  strictly  relatedness  (Havelka  et  al.,  
2011)  such  as  A.  gueldenstaedtii,  A.  persicus,  A.  baerii  and  A.  naccarii  which  are  known  as  
͞ŐƵĞůĚĞŶƐƚĂĞĚƚŝŝ-­‐ĐŽŵƉůĞǆ͟  and  share  the  same  common  ancestor  as  explained  above  (Knapp  
et  al.,  2006;  Ludwig,  2008;  Doukakis  et  al.,  2012).  
Also  hybrids  and  their  products  (meat  and  caviar)  are  not  distinguishable  from  pure  species  
and   are   often   preferred   in   aquaculture   for   their   higher   growth   performances   and   the  
consequent   younger   age   of   maturity   that,   in   these   long   living   fishes,   correspond   to   a  
considerable   saving   of   money   (Wei   et   al.,   2011).   Moreover,   while   hybrids   obtained   by  
species  with  different  ploidy   level  are  almost  sterile,  hybridization  events  between  species  
with   the   same  number   of   chromosomes   are   common   in   sturgeons   and   these   hybrids   can  
produce  eggs  (Havelka  et  al.,  2011;  Dudu  et  al.,  2011).  
The  decrease  of  wild  sturgeon  populations  has  seen  a  parallel  increase  of  aquaculture  plants.  
Several  species  and  hybrids  are  often  reared  in  the  same  plants  leading  to  accidental  mixings  
and   mis-­‐identifications.   When   animals   for   commercial   production   and   for   restocking  
purposes   are   reared   in   the   same   plant,   a   possible   consequence   is   the   release   of  
allochthonous   species   as   testified   by   Congiu   et   al.   (2011),   who   have   identified   a   putative  
hybrid  between  A.  transmontanus  and  A.  naccarii  within  a  brood-­‐stock  ŽĨ͞ƉƵƌĞ͟  A.  naccarii.  
This  reflects  data  reported  by  Williot  et  al.  (2001)  on  the  white  sturgeon  (A.  transmontanus)  
as  the  dominant  species  reared  in  Europe  (46%)  for  caviar  production  in  1999.    
In  Italy,  the  Adriatic  sturgeon  is  reared  for  restocking  but  the  hybrids  with  A.  baerii  are  also  
produced  for  commercial  purposes  (Williot  et  al.,  2001).  
Until  now,  a   reliable  method   to  easily  discriminate  among  different   sturgeon  species  does  
not  exist  and  the  majority  of  tools  available  are  based  on  mitochondrial  DNA,  which  are  not  
suitable  for  hybrid  identification  due  to  its  maternally  inheritance  (Ludwig  2008;  Doukakis  et  
al.,  2012).    
Therefore,  the  availability  of  a  good  method  for  species  and  hybrid  identification  based  on  
nuclear   markers   is   of   primary   relevance   for   both   conservation   and   commercial   purposes  
(Havelka  et  al.,  2011).  
In  this  work,  a  PCR-­‐base  tool  was  set  up  allowing  a  cost  effective  and  a  reliable  identification  
of   sturgeon   species   and   hybrids   of   the  most   commercialized   species   in   Europe   and  North  
America.  The  method  is  based  on  diagnostic  SNPs  on  the  first  intron  (RP1)  of  the  Ribosomal  
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Protein  S7  gene  (PRS7)  and  incorporates  
data   on   the   mitochondrial   d-­‐Loop   and  
Vimentin  gene  for  hybrids  identification.    
S7   and   Vimentin   results   are   visualized  
exclusively  on  agarose  gel  with  no  need  
of   sequencing   instead   required   for   d-­‐
Loop   analysis.   This   study,   whose  
publication  is  reported  in  Annex  B,  is  the  
first   that   incorporates   a   validation   test  
using   a   high   number   of   individuals  
following  the  SNPs  characterization  and  
diagnostic  primer  design.  
The   initially   characterization  of   the  RP1  
by   universal   primers   revealed   the  
presence  of  three  putative  loci  (A,  B  and  
C  in  fig.  7)    
Focusing  on   locus  A,   the   intron  1-­‐Locus  
A  of  the  RPS7  gene  was  sequenced  and  
cloned   for   102   individuals   of   13   species  
(A.  baerii,  A.  gueldenstaedtii,  A.  persicus,  
A.   ruthenus,   A.   transmontanus,   A.  
naccarii,   A.   fulvescens,   A.   sinensis,   A.  
stellatus,   A.   sturio,   A.   schrenckii,   Huso  
dauricus   and   H.   huso).   Diagnostic   SNPs   or   deletion   were   identified   and   used   to   build  
diagnostic  primer  pairs  as  explained  in  Boscari  et  al.  (2014)  (Annex  B).    
Diagnostic   SNPs   were   observed   for   5   species   (A.   naccarii,   A.   fulvescens,   A.   stellatus,   A.  
sinensis   and   A.   transmontanus),   while   2   common   deletions   were   detected   in   A.   baerii-­‐A.  
ruthenus  and  A.  schrenckii-­‐H.  dauricus,  respectively.  A  total  of  8  selective  primer  pairs  were  
designed.  
Primer  validation  was  performed  for  each  primer  pair  on  samples  of  target  and  non-­‐target  
species  for  a  total  of  702  animals  of  the  same  species  reported  above  (except  the  A.  sturio  
for  which  sample  were  not  available).  
A   100%   identification   success   was   obtained   for   the   five   specific   primer   pairs   because   no  
amplification  was  observed  in  any  of  the  non-­‐target  species  analyzed.  
Besides   the   pure   species   identification,   a   fundamental   application   of   this   tool   is   the  
possibility  to  identify  interspecific  hybrids  here  tested  on  two  commercially  relevant  hybrids:  
the  AL  (A.  naccarii  x  A.  baerii)  and  the  Bester  (H.  huso  x  A.  ruthenus).  
With   the   application   of   this   new   tool,   the   expected   detection   power   for   AL   and   Bester  
increased  from  0  to  100%  and  from  0  to  80%,  respectively.    
In   conclusion,   this  method   represents   a  new,   fast,   inexpensive  and   reliable   tool  useful   for  
sturgeon  and  hybrids  identification.  It   is  already  suitable  for  law  enforcement  and  provides  
important  benefits  in  the  fight  against  the  international  trade  of  illegal  products.  
Figure   7:   Phylogenetic   tree   (UPGMA)   obtained   with  
sequences   from   e   different   species   of   RP1   amplified  
with  universal  primers.  The  presence  of  three  putative  
loci  is  supported.  
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Moreover,   the   method   has   important   applications   also   in   checking   the   purity   of   ex   situ  
brood-­‐stocks,  an  essential  prerequisite  in  conservation  programs.    
Among  the  several  diagnostic  markers  detected   in   this  study  and  reported   in  detail  within  
the  publication  in  Annex  B,  especially  relevant  is  the  development  of  the  first  totally  reliable  


















Figure   8:   Expected   profile   and   band  
sizes  of  the  species  A.  fulvescens  (1),  A.  
stellatus   (2),   A.   sinensis   (3),   A.  
transmontanus   (4),   A.   naccarii   (5),   A.  
baeri  (6)  and  A.  ruthenus  (7).  The  band  
of   306   bp   corresponds   to   the   positive  
control.  
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3.3  Evaluation  of  past  management  activities    
(original  manuscript  in  Annex  C)  
As   widely   explained   in   introduction,   ex   situ   conservation   in   the   past   was   seen   as   the  
maintenance  of  individuals  in  captivity  from  which  obtain  offspring  to  be  released  in  the  wild  
or   to   generate   new   brood-­‐stocks.   Several   reproductions   were   performed   without   the  
support  of  genetic  analysis  and  pedigree  reconstruction  but  simply  selecting   individuals  by  
chance.    
In  order  to  evaluate  the  consequences  of  breeding  plans  conducted  without  genetic  support  
and   to   assess   the   effects   of   random   selection   of   animals   on   stock   genetic   variation,   two  
stocks   involved   in   past   conservation   activities   of   the   Adriatic   sturgeon   in   the   Ticino   River  
Park  (TRP)  have  been  analyzed.    
The  two  stocks,  Stock_1  (N  =  137)  and  Stock_2  (N  =  116),  were  originally  acquired  from  V.I.P  
plant   by   the   Province   of   Piacenza   and   TRP,   respectively.   All   F1   individuals   derived   from  
reproductions   between   individuals   of   the   F0   parental   stock.   Since   then,   the   Stock_1   was  
retained   in   captivity   as   future   brood-­‐stock.   Now   these   animals   have   reached   the   sexual  
maturity   and   some   of   them   have   been   already   selected   for   uncontrolled   reproductions  
(personal  communication).  Instead,  the  Stock_2  belongs  to  part  of  past  restocking  activities  
involved  in  the  recovery  of  a  land-­‐locked  population  of  Adriatic  sturgeon  confined  upstream  
ƚŚĞĚĂŵŽĨ͞Isola  Serafini͘͟All  animals  of  the  Stock_2  were  sampled  before  the  release.    
In  order  to  estimate  the  level  of  genetic  diversity  retained  by  these  two  stocks  in  comparison  
with   the   variability   detected   in   the   parental   F0   stock   (Congiu   et   al.,   2011),   all   individuals  
were  genotyped  at  7  microsatellite  loci  (LS-­‐39,  AoxD64,  AnacE4,  AnacC11,  AoxD234,  AnacA6,  
An20).   These   markers   were   opportunely   selected   among   the   24   used   for   the   parental  
characterization   to   obtain   an   92%   of   allocation   success,   as   expected   from   simulations  
performed  with  virtual  offspring.  In  the  case  of  unresolved  multi-­‐allocations,  the  number  of  
loci  was  increase  up  to  10  (AoxD161,  AocD241,  An16);  moreover,  the  mitochondrial  d-­‐Loop  
was  sequenced  from  all  individuals  in  order  to  solve  some  pedigree  ambiguities.    
Given  the  tetraploidy  of   this  species,   the  usual  methods  to  calculate  allele   frequencies  are  
not  suitable  due  to  the  presence  of  partial  heterozygous  individuals  for  which  genotypes  at  
different  loci  cannot  be  solved.  
In   this   work   (Annex   C),   Band   Sharing   (BS)   was   adopted   as   similarity   index   to   infer  
relationships   among   animals.   This   value   is   calculated   considering   only   the   phenotypic  
information  obtained  from  microsatellite   loci  and  corresponds   to   the  proportion  of  shared  
bands  between  two  multi-­‐locus  phenotypic  profiles  (see  Box  1).  
Results  of  allocations  of  F1  animals  to  the  corresponding  F0  parents  revealed  the  presence  of  
few  families  with  known  pedigree  within  both  stocks.  
In  details,  for  the  Stock_1,  a  total  of  8  families  were  identified  with  an  uneven  distribution  of  
individuals   (Table  1),  most  of  them  in  fact  are  composed  by  only  one  fish.  The  unexpected  
result   was   the   high   presence   of   animals   (more   than   half   of   the   stock)   for   which   parents  
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remain  unknown.  They  probably   are  offspring  of  parents  dead  before   sampling   for   the   F0  







BOX  1:  THE  BAND-­‐SHARING  ALLOCATION  PROCEDURE  
  
In   the  Adriatic   sturgeon,   the   routinely   genetic   analyses  on  molecular  markers   such  as  
microsatellites  are  complicated  by   its  tetraploid  condition  that   implies  the  presence  of  
multiple  alleles  per  locus.  Each  allele  could  be  present  in  multiple  copies,  which  cannot  
be  distinguished  from  genotyping.  Consequently,  allelic  frequencies  cannot  be  perfectly  
calculated  but  only  estimated  with  several  different  methods.  
Some   authors   estimates   allele   frequencies   extrapolating   the   number   of   allele   copies  
from  peak  heights  and  area  (Jenneckens  et  al.,  2001;  Welsh  and  May,  2006;  Zhao  and  
Chang,  2006);  however,  this  correlation  was  not  observed  in  the  Adriatic  sturgeon.    
To  estimate  genetic  distances  we  have  applied  a  phenotypic  approach,  exclusively  based  
on  phenotypes  obtained  from  microsatellite  information  at  different  loci.  
More  in  details,  for  each  individual  a  multi-­‐locus  profile  was  created  as  string  in  binary  
code   composed   by   0s   and   1s,   corresponding   to   the   absence   and   presence   of   alleles,  
respectively.    
To   perform  a   parental   analysis,   for   each   possible   F0   parent   pair,   a   cumulative   profile  
was  created  and  compared  with  the  multi-­‐locus  profile  of  each  F1  individual.  
  
Parent  1        0010100111011  
Parent  2        1000110011001  
Cumulative  profile   1010110111011  
Offspring      1000110001010  
  
F1   animals   are   considered   perfectly   allocated   only   if   their   multi-­‐locus   profiles   are  
entirely  contained  in  the  cumulative  profile  of  a  putative  parent  pair.  
Starting   from   these   phenotypic   profiles   it   is   also   possible   estimate   pairwise   genetic  
distances  as  (1-­‐BandSharing).  The  Band  Sharing  is  a  coefficient  of  similarity  estimated  on  
the  alleles  shared  by  two  profiles:  
  
BS  =  2a/(2a  +  b  +  c),  
  
where   a   corresponds   to   bands   shared   by   both   profiles   while   b   and   c   are   bands  
exclusively  present  within  the  first  and  the  second  profile,  respectively.  
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Table  1:  results  of  parental  allocation  of  the  Stock_1  and  Stock_2  using  the  Band-­‐Sharing  method.  Haplotype  
for  each  family  was  also  reported.  *  Indicates  individuals  which  haplotypes  not  correspond  to  the  7  A.  naccarii  
haplotypes.    
  
To  infer  possible  relationships  among  these  not-­‐allocated  animals,  the  criteria  used  in  Congiu  
et  al.  (2011)  were  followed.  The  distribution  of  pairwise  genetic  distances  among  individuals  
with  a  known  degree  of   relatedness   (sibs,  half-­‐sibs  and  unrelated  animals)  was  estimated.  
Values   corresponding   to   the  99th   percentile   of   the  observed  distances  were   considered  as  
threshold   values   to   exclude   the   corresponding   relatedness   (0.52   for   full-­‐sibs   and   0.62   for  
half-­‐sibs).    
The   comparison   of   these   values   with   the   pairwise   distance   matrix   among   not-­‐allocated  
individuals  has   revealed   the  presence  of  a   single   family  of   full-­‐sibs.   In   synthesis,  only   four  
families  enclosed  the  90%  of  individual  composing  the  Stock_1.  
Similar  results  were  obtained  from  the  characterization  of  the  Stock_2  (Table  1).    
Also  in  this  case  8  uneven  families  were  identified  while,  among  not-­‐allocated,  the  presence  
of   three   families   of   full-­‐sibs   where   estimated   using   the   threshold   values   as   previously  
explained.  
Despite  the  same  number  of  families  detected  in  both  stocks,  the  diversity  indices  appositely  
created  to  represent  the  diversity  within  stocks  (reported  in  detail  in  the  Annex  C),  showed  a  
greater   loss   of   familiar   heterogeneity  within   the   Stock_2   in   comparison  with   the   Stock_1.  
This   could   be   explained   by   the   presence   of   highly   related   individuals.   The   three   most  
abundant  families,  in  fact,  shared  the  same  sire  (Table  1).  
This   highlights   how   careless   conservation   activities   may   potentially   have   a   strong  
detrimental   impact.   The   Stock_2   shows   a   case   of   releasing   in   the   wild   of   animals   strictly  
related.  About  the  65%  of  them  share  one  of  the  two  parents  (half-­‐sibs).  
Moreover,   within   the   Stock_1   that   should   be   a   brood-­‐stock   of   pure   A.   naccarii,   the  
mitochondrial   analysis   revealed  a  possible   contamination  or   contribution  of  other   species.  
Four   not   allocated   individuals   did   not   present   haplotypes   of  A.   naccarii   and   two   of   them  
present  highly  genetic  distances  (Fig.  9).  A  Blast  research  revealed  a  correspondence  for  two  
Stock_1  (F1  future  breeders)   Stock_2  (F1  released)  
N°  of  F1  individuals   Parental  pairs   Haplotype   N°  of  F1  individuals   Parental  pairs   Haplotype  
8   Pelvienne  (F)  x  NaccS18  (M)   2   22   NaccS8  (F)  x  740  (M)   2  
18   NaccS8  (F)  x  Matto  (M)   2   32   NaccS3  (F)  x  740  (M)   3  
26   NaccS15  (F)  x  NaccS13  (M)   4   17   NaccS33  (F)  x  740  (M)   3  
1   NaccS3  (F)  x  Matto  (M)   3   1   O2  (F)  x  Matto  (M)   5  
4   NaccS4  (F)  x  Matto  (M)   2   1   NaccS26  (F)  x  NaccS13  (M)   5  
1   NaccS3  (F)  x  NaccS18  (M)   3   1   O2  (F)  x  NaccS31  (M)   5  
1   NaccS7  (F)  x  NaccS27  (M)   3   1   NaccS4  (F)  x  Matto  (M)   2  
1   NaccS7  (F)  x  NaccS6  (M)   3   1   NaccS33  (F)  x  NaccS29  (M)   3  
3   Multi-­‐allocated   2   1   NaccS4  (F)  x  Raspo  (M)   2  
70   Not  allocated   2   1   Multi-­‐allocated   3  
4   Not  allocated   *   38   Not  allocated   2/3/5  
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of   them  with  A.  gueldenstaedtii  haplotype  while   for   the  other   two  with  A.   transmontanus  
haplotype.  
As   indicate   in  the  above  chapter,  the  purity  of  a  stock  is  a  fundamental  aspect   in   founding  
brood-­‐stock;  thus,  the  RPS7  tool  for  species  and  hybrid  identification  was  applied  to  all  not-­‐
allocated  individuals.    
Hybrids   between   the   white   sturgeon   (A.   transmontanus)   or   the   Russian   sturgeon   (A.  
gueldenstaedtii)   females   and   Adriatic   sturgeon   (A.   naccarii)   male   were   confirmed.   These  
hybrids  should  be  excluded  from  the  stock  to  avoid  their  accidentally  use  in  reproductions.    
The  representation  within  the  Stock_1  of  only  few  F0  breeders  and  the  presence  of  hybrids  
are  a  direct   consequence  of   a   careless  management  of   this   species.  This  work  emphasizes  
how   the   ex   situ  management  must   necessarily   rely   on   the   careful   characterization   of   the  
residual   genetic   diversity.   In   fact,   the   Stock_1   resulted   scarcely   suitable   as   future   brood-­‐
stock:      by   random   selection   of   breeders   the   probability   to   mate   full-­‐sibs   individuals   is  
remarkable  high  (35%).    
For  further  reproductions,  a  tied  collaboration  with  others  plants  rearing  animals  genetically  














     
Fig.   9:   MDS   of   pairwise   genetic  
distances   among   all   individuals   of  
the   Stock_1   and   F0.   The   color  
squares   represent   the   four  
individual  resulted  hybrids.  
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3.4  Characterization  of  the  V.I.P.  stock  
(original  manuscript  in  Annex  D)    
As  seen  in  the  above  chapter,  pedigree  reconstruction  represents  an  important  step  towards  
the  correct  management  of  the  available  diversity  within  captive  brood-­‐stocks  (DeSalle  and  
Amato,  2004).    
In  the  present  study  the  allocation  procedure  proposed  by  Congiu  et  al.  (2011)  based  on  a  
band-­‐sharing  (BS)  approach  and  explained  in  detail  in  Box  1  was  initially  applied.  
Besides   the   strong   limitation   of   relying   exclusively   on   the   phenotypic   information,   the   BS  
method   raised   some   problems   such   as   the   absence   of   a   probability   test   to   verify   the  
efficiency  of  loci  used  for  parental  allocation.  Moreover,  a  specific  pattern  of  inheritance  was  
not  specified  and  this  could  result  in  false  positive  allocations  when  all  the  alleles  observed  
in  a  F1  were  shared  with  a  single  parent.  
Therefore,   a   new   tool   for   pedigree   analysis   (named   ͞BreedingSturgeons͟)   was   developed  
using   c++   format   to   improve   the   performances   of   the   BS   method.   The   program   allows  
estimating   for  each   individual  a   compatibility   index   for  all  putative  parent  pairs  under   the  
assumption  of   tetrasomic   inheritance,   as  demonstrated   in   the   first   chapter   (Boscari  et  al.,  
2011  ʹ  Annex  A).  
This   index   is  estimated  as   follows:  at  each   locus,   starting   from  the  observed  microsatellite  
profile   (phenotype),   all   possible   tetraploid   genotypes   are   inferred   for   both   offspring   and  
parents  (p1  and  p2).  All  possible  pairs  of  inferred  parental  genotypes  are  screened  to  assess  
if   all   alleles  observed   in   the  progeny  are   justified,  with   the  constraint   that   the  offspring   is  
assumed  to  inherit  two  allele  copies  from  each  parent.  These  allele  copies  can  be  identical  
except  from  completely  heterozygous  parental  genotypes.    
Thus,  the  single-­‐locus  compatibility  index,  ci(x),  is  estimated  as  follows:    
ࢉ࢏ሺ࢞ሻ ൌ σሾۯሺܘ૚ሻାۯሺܘ૛ሻሿ૝ ,  
where  ci(x)   is  the  compatibility   index  for  that  animal  at  a  single   locus  (0  чci(x)  ч1),  A(p1)   is  
the  number  of  allele  copies  inheritable  from  ƉĂƌĞŶƚĂůϭŐĞŶŽƚǇƉĞ;ϬчA(p1)  ч2)  and  A(p2)  is  
the  number  of  allele  copies  inheritable  from  parental  2  genotype  (0  чA(p2)  ч2).  
The  same  approach  is  extended  to  all  loci  estimating  a  multi-­‐locus  compatibility  index  (CI)  as  
average  of  single  locus  probabilities:  




This   procedure   is   applied   to   all   possible   parental   pairs   and   the   ones   with   higher   CI   are  
selected  as  more  probable  parents.  
Once  the  pedigree  reconstruction  is  completed,  the  composition  of  stocks  is  evaluated.  
This   part   of   the   work,   reported   in   the   manuscript   Annex   D,   concerns   the   genetic  
characterization   of   the   V.I.P.   Stock,   represented   by   a   group   of   F1   individuals   (N   =   445)  
retained   in   captivity   after   several   reproductions   performed   during   the   last   20   years.   This  
stock  is  the  larger  group  of  individuals  available  for  this  species.    
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Genetic   analyses   carried  out   on   this   stock   are   the   same   already  described   in   the  previous  
chapter,  with  the  above  improvement  of  the  allocation  procedure.  
Results   obtained   from   the   genotyping   at   7   microsatellite   loci,   sequencing   of   the  
mitochondrial  control  region  and  parental  allocation  to  reconstruct  the  pedigree  information  
showed   that   these   individuals   have   retained   a   considerable   proportion   of   the   parental  
generation  variability.  Out  of  445  F1  animals,  382  were  successfully  allocated  to  30  families,  
while  only  63  were  not  allocated   (for  more  details   see  Annex  D).  Within   this   last  group,  4  
families  with  4  different  haplotypes  were  identified,  for  a  total  of  34  families  (Fig.  10).  
Unfortunately,  due  to  a  recent  poisoning  event,  about  half  of  the  F1  animals  died  and  233  
survived.   Even   if   only   four   families   were   lost   (Fig.   10),   this   dramatic   event   highlights   the  
urgency  for  targeted  actions  such  as  splitting  the  stock  in  different  locations,  to  minimize  the  




Between  the  V.I.P.  stock  here  analyzed  and  the  previous  Stock_1  retained  by  the  Ticino  River  
Park,  the  V.I.P.  stock  was  identified  as  the  most  precious  source  of  variability  for  A.  naccarii  
and,  therefore,   it  ǁĂƐƵƐĞĚƚŽƉůĂŶƚŚĞďƌĞĞĚŝŶŐƉƌŽŐƌĂŵĂŶĚƚŽĨŽƌŵƚŚĞ͞breeders  unit͘͟
However,  in  order  to  improve  the  heterogeneity  of  this  ͞breeders  unit͕͟three  families  of  the  
Stock_1   were   also   included   in   the   breeding   program,   assuming   the   collaborative  
involvement   of   different   aquaculture   plants.   Two   of   these   additional   families   was   not  
represented  in  the  V.I.P.  stock  and  one  of  them  was  not-­‐allocated,  while  the  third  family  was  
already  available  but  under-­‐represented.    
Collectively,  a  total  of  32  F1  families  (28  with  known  and  4  with  unknown  pedigree)  compose  
ƚŚĞ͞breeders  unit͟ƵƐĞĚĨŽƌƚŚĞƉůĂŶŶŝŶŐŽĨƚŚĞbreeding  activities  (Fig.  11).  
As  happened  for  the  Stock_1  (previous  chapter),  one  not-­‐allocated  animal  of  the  V.I.P.  Stock  
presented   a   haplotype   of   the   white   sturgeon   (A.   transmontanus).   The   application   of   the  
species   and  hybrid   identification   tool   (Boscari  et  al.,  2014)   confirmed   this   individual   to  be  
Figure   10:   Schematic   view   of   the   number  
of   individuals   per   family   within   the   V.I.P.  
Stock  before  and  after  the  poisoning  event
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hybrid  between  A.  transmontanus  female  and  A.  naccarii  male  and,  unexpectedly,  revealed  
the   presence   of   other   three   hybrids   not   previously   identified   due   to   the   mitochondrial  
compatibility  with  A.  naccarii.   In  this  cases,   in   fact,   the  Adriatic  sturgeon  was  the  maternal  
species  while  the  white  sturgeon  and  Russian  sturgeon  represented  the  male  contribution  in  
two  and  one  individuals,  respectively.  
Also  these  ŚǇďƌŝĚƐǁĞƌĞĚŝƐĐĂƌĚĞĚĨƌŽŵƚŚĞ͞breeders  unit͘͟  
  
Figure   11:  ^ĐŚĞŵĂƚŝĐ ƌĞƉƌĞƐĞŶƚĂƚŝŽŶ ŽĨ ƚŚĞ ͞breeders   unit͘͟ dŚĞF1   families  with   known  pedigree,  
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3.5  BREEDING  PLAN  
(original  manuscript  in  Annex  D)    
4.5.1  Short-­‐term  breeding  plan  (F0xF0)  
As   explained   in   the   introduction,   the   F0   population   of   A.   naccarii   is   the   only   available   of  
certain  wild  origin.  Thus,  one  of  the  main  recommendations,  usually  reported  in  restocking  
guidelines,   which   is   to   introduce   new   wild   animals   (Witzenberger   and   Hochkirch,   2011)  
cannot  be   followed.  However,   a   short-­‐term  breeding  plan  was  proposed,   involving   the  13  
still  alive  F0  of  which  9  seem  to  be  not  represented  in  the  F1  generation  due  to  the  absence  
of  their  offspring  on  the  basis  of  parentage  analysis.  
The   priority   given   to   these   animals   allows   starting   the   plan   with   wild   individuals   and   is  
justified  by  the  attempt  to  represent  their  genetic  variability,  which  would  be  lost  in  the  case  
of   failure   of   reproduction   also   considering   the   advanced   age   of   these   animals   (about   50  
years  old).  
We   tried   to   have   the   contribution   of   each   remnant   F0   breeder   in   at   least   three   families  
within   the   F1   generation.   The   already   existing   families   representatives   of   each   F0   parent  
were  counted  and  the  corresponding  number  is  reported  in  Fig.  12  as  ScoreA.  Doing  this,  we  
disregarded   the   families  with   less   than   10   animals.   The   ScoreB   represents   the   number   of  
crosses   per   F0   to   plan   in   order   to   generate   at   least   three   families   per   breeder   in   the   F1  
generation  (ScoreA+B).    
Mating   pairs   were   selected   among   the   more   distant   males   and   females   basing   on   the  
pairwise  genetic  distances  at  24  loci  (Fig.  12)  trying  to  minimize  the  number  of  crosses  and  
maximize   the   number   of   parents   represented.   Following   this   strategy,   18   crosses   were  
selected  as  priority  (highlighted  in  Fig.  12).  
  
  
Figure  12:  Distance  matrix  at  24  microsatellite  loci  between  still  alive  F0  males  and  females.  Cells  highlighted  in  
grey  indicate  the  mating  selected  following  the  criteria  explained  in  the  text.  Score  A+B  represents  the  number  
of  families  per  breeders  in  the  next  generation  and  it  is  given  by  the  already  existing  families  (ScoreA)  and  the  
crosses  selected  (ScoreB).     
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4.5.2  Long-­‐term  breeding  plan  (F1xF1)  
The  principle  that  underlies  the  usual  approach  in  breeding  plans  is  based  on  a  selection  of  
candidate  breeders  by  genetic  distances,   founder   importance   coefficient  or  means   kinship  
(Ballou   and   Lacy,   1995;  Montgomery   et   al.,   1997;   Hayes   et   al.,   2006;   Sekino   et   al.,   2004;  
William  and  Hoffman,  2009).  Subsequently,  on  the  basis  of  available  information  a  breeding  
scheme   is   selected.   The  more   common   strategies   are   the  method  by   chance,   the  minimal  
kinship  (mk)  Strategy,  the  rotational  or  the  circular  mating  systems  (Nomura  and  Yonezawa,  
1996;   Honda   et   al.,   2004;   Winding   and   Kaal,   2008;   Theodorou   and   Couvet,   2010;  
Witzenberger  and  Hochkirch,  2011).  
In   the   case   of   Adriatic   sturgeon,   the   same   criteria   were   applied   to   the   different   families  
ĐŽŵƉŽƐŝŶŐƚŚĞ͞breeders  unit͟  (family  selection)  rather  than  follow  an  individual  selection.  In  
fact,  the  low  probability  that  a  single  animal  matures  in  a  given  year  prevents  the  possibility  
ƚŽƌĞĂƐŽŶĂƚ͞ŝŶĚŝǀŝĚƵĂůůĞǀĞů͕͟ǁŚŝůĞŚĂǀŝŶŐƐĞǀĞƌĂůĂĚƵůƚĂŶŝŵĂůƐƉĞƌĨĂŵŝůǇ͕ƚŚĞĐŚĂŶĐĞŽĨ  
having  at  least  one  mature  animal  of  a  given  family  selected  for  reproduction  is  acceptable.  
Accordingly,  genetic  distances  were  not  estimated  among  animals  but  among  families   (Fig.  
13).  The  approach  with  kinship  was  discarded  in  this  work  due  to  the  polyploid  condition  of  
the  Adriatic  sturgeon  for  which  the  allele  frequencies  in  the  stock    cannot  be  calculated.  In  
fact,  individual  genotypes  are  not  known,  thus,  a  phenotypic  approach  (1  -­‐  BS)  was  followed  
instead.   This  was   done  by   considering   for   each   family   the   cumulative   profile   at   24   loci   of  
each  possible  parent  pairs  in  the  F0  stock.    
ůůƉŽƐƐŝďůĞƉĂŝƌƐŽĨ&ϬďƌĞĞĚĞƌƐ;͞ǀŝƌƚƵĂůĨĂŵŝůŝĞƐ͟ͿǁĞƌĞĐƌĞĂƚĞĚĂŶĚƉĂŝƌǁŝƐĞĐŽŵďŝŶĞĚƚŽ
obtain  the  distribution  of  genetic  distances  between  all  possible  family  pairs.  All  family  pairs  
sharing  one  parent  (half-­‐sibs)  showed  a  distance  value  lower  than  0.35.  This  value  was  set  as  
threshold  above  which  the  100%  of  crosses  between  related  families  was  excluded.  Thus,  all  
crosses  with  d<0.35  were  discarded  from  the  breeding  plan  matrix  (red  cells  in  fig.  13).  
For  what   concerns   the   choice   of   the  mating   strategy,   breeding   schemes   involving   a   large  
number  of  crosses  (e.g.  rotational  mating  system)  are  not  feasible  due  to  the  long  life  cycle  
of   this  species  and  the  high  costs   for   its  management   in  aquaculture.  Thus,   in  the  present  
work  a  specific  breeding  strategy  was  opportunely  optimized  considering  several  constraints.    
The  order  in  which  the  families  are  selected  was  estimated  based  on  how  much  the  parents  
are   already   represented   in   the   stock.   This   was   calculated   by   averaging   the   number   of  
progeny  that  the  ƚǁŽƉĂƌĞŶƚƐŚĂǀĞŝŶƚŚĞ͞breeders  unit͟;ƉƌŝŽƌŝƚǇŝŶĚĞǆͿ͘This  strategy  gives  
high  priority   (Fig.  13)   to   small   families  with  under-­‐represented  parents  whose  alleles  have  
less  chance  to  be  transmitted  to  the  next  generation.  Following  this  priority,  females  of  each  
͞ƉƌŝŽƌŝƚǇ family͟   should  be  crossed  with  males  of   the  more  distant   family   ;ŶĂŵĞĚ͞ŵĂƚŝŶŐ
ĨĂŵŝůǇ͟Ϳ.   Proceeding   with   the   mate   choices,   crosses   already   performed   cannot   be   re-­‐
selected.    
Since  we  have  included  a  total  of  32  families  in  the  "breeders  unit"  (considering  also  the  not  
allocated   animals),   planning   to   do   only   one   cross   per   ͞ƉƌŝŽƌŝƚǇ fĂŵŝůǇ͟,   the   complete  
breeding  plan  consists  of  32  mates.    
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The  plan  here  proposed  is  theoretical  and  should  take  into  account  the  complex  biology  of  
this   species   and   the   constraints   linked   to   the   aquaculture  plant  where   these   conservation  






Figure   13:   portion   of   the  
distance  matrix  used  for  the  
selection   of   mates   for   the  
F1xF1  breeding  plan.    
Distances   are   estimated  
using  the  cumulative  profile  
of   each   family   at   24   loci.  
Red   cells   correspond   to  
d<0,35   and   cannot   be  
selected,   while   green   cells  
are   the   recommended  
crosses.    
  
4.5.3  Sustainability  of  the  breeding  plan  
Initially,   to   assess   the   sustainability   of   this   theoretical   breeding   plan,   an   R-­‐script  
;͞ŽƐƚƐƌĞĞĚŝŶŐ^ƚƵƌŐĞŽŶƐ͟)  was   compiled   to  estimate  how  many  mates  per   year   could  be  
performed   in   a   given   hatchery,   based   on   the   features   of   a   given   plant,   providing   also   an  
estimation  of  the  years  required  to  accomplish  the  whole  plan.  The  software  estimates  the  
costs   for  the  different  grow  phases   in  order  to  calculate  the  required  financial  support  per  
year;  moreover,  it  also  provides  an  outline  of  the  releases  that  can  be  made  per  year  under  
different  economical  and  logistical  constraints.  
The  variables  used  in  the  simulation  are  referred  to  a  hatchery  located  in  Cassolnovo,  where  
the   ͞breeding   units͟   will   be   reared   in   the   near   future.   Detailed   information   about   the  
outputs  of  the  script  are  described  in  the  manuscript  (Annex  D).    
A  second  R-­‐ƐĐƌŝƉƚ;͞BreedingPlanSturgeons͟ͿǁĂƐƵƐĞd  to  assess  the  recommended  number  
of   individuals   to   breed   per   family   and   to   estimate   the   expected   fraction   of   alleles   of   the  
parental   generation   that  are   successful   inherited   in   the  F2  virtual  progeny  under  different  
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4.  CONCLUSIONS  
Several   restocking   activities   have   been   conducted   in   the   last   20   years   with   the   aim   of  
avoiding  the  extinction  of  the  Adriatic  sturgeon.  Nevertheless,   in  the  same  period  no  clear  
evidences   of   natural   reproductions   were   recorded.   The   establishment   of   self-­‐sustaining  
natural  populations  is  still  a  distant  goal  and  the  future  of  this  species  presently  depends  on  
the  careful  management  of  the  last  captive  stocks.  Accordingly,  the  mail  goal  of  the  present  
study   was   to   propose   a   breeding   program   that,   if   followed,   will   allow   a   long-­‐term  
preservation  of  most  residual  genetic  diversity  of  the  Adriatic  sturgeon.    
To   this  purpose   several  preliminary   investigations  were  performed   in  order   to   i)   complete  
the   genetic   characterization   of   the   main   stocks   reared   in   Italy,   ii)   assess   the   inheritance  
pattern   of   this   species   and   optimize   a   parental   allocation   procedure,   iii)   reconstruct   the  
pedigree   information   for  all   stocks,   iv)  optimize   the   first   species  and  hybrids   identification  
procedure  based  on  a   single  nuclear  marker   and   consequently   v)   check   the   stocks   for   the  
presence  of  alien  species  or  interspecific  hybrids.    
All  the  above  preliminary  actions  allowed  to  gain  relevant  information  for  the  development  
of  a  complete  breeding  plan  articulated  in  two  phases:  the  first  involving  the  last  13  animals  
of  wild  origin  and  the  second  focusing  on  the  about  30  families  of  F1,  trying  to  maximise  the  
fraction  of  genetic  diversity  transmitted  to  the  future  captive  generations  of  breeders  as  well  
as  to  the  animals  that  will  be  released  in  the  wild.  Moreover,  an  assessment  of  sustainability  
of  the  plan  considering  economically  and  managerially  constraints  is  estimated  to  ensure  its  
feasibility.  
In  general,  this  plan  represents  the  first  active  effort  towards  a  responsible  management  of  
captive  stocks  of  this  species.  The  strategy  here  proposed  includes  also  releases  in  the  wild  
of   such  animals   that   cannot  be   retained   in   captivity  due   to   spatial   limitations.   Despite   the  
released  animals  are  large  enough  to  reduce  the  chances  of  predation,  the  expected  success  
in   terms  of   survival   and   fitness   is  not  optimal  mainly     because   the  environment   is  not  yet  
suitable  for  these  animals.    
The  limited  success  of  re-­‐introductions  is  the  main  problem  of  several  breeding  plans  and  it  
is  well  documented  in  literature  (>ǇŶĐŚĂŶĚK͛,ĞůǇ͕ϮϬϬϭ͖Woodworth  et  al.,  2002;  Williams  
and  Hoffman,  2009;  Lyon  et  al.,  2012).  As  example,  Beck  et  al.,   (1994)  have  reviewed  that  
only  11%  of  re-­‐introduction  plans  had  success,  while  for  Fisher  and  Lindenmayer  (2000)  this  
value   increased   up   to   13%.   This  might   be   due   to   different   reasons   in   part   related   to   the  
quality  of  the  animals  released  and  in  part  to  habitat  degradation.    
Moreover,  the  animals  released  might  not  be  fit  for  survival  in  the  wild.    In  the  past  decades,  
Adriatic  sturgeon  recovery  programmes  have  adopted  standard  aquaculture  technologies  for  
the   production   of   fingerlings   to   be   released,   ignoring   the   need   for   producing   animals  
acclimated  or  trained  to  survive   in  the  wild.  Avoiding  crosses  between  related  families  and  
equalizing  the  F1s  family  contribution  in  the  F2  generation,  our  strategy  could  be  considered  
as   a   starting   point   that   tries   to  maximize   the   level   of   diversity   of   stocks   produced   to   be  
released.  However,  the  establishment  of  a  rearing  protocol  for  the  production  and  training  
of  animals,  according  to  the  criteria  of  the  fitness  for  survival  is  strongly  recommended.    
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Concerning  the  habitat  degradation,  one  of  the  main  causes  for  the  imperilled  status  of  the  
Adriatic  sturgeon  is  the  fragmentation  of  the  main  rivers  with  dams,  that  prevents  the  access  
to  spawning  sites.  For  this  reason,  constructing  adequate  fish  passages  specifically  projected  
for  these  big  anadromous  fishes  represents  a  priority.    
In  general,  all   strategies,  methods  and  recommendations  proposed   in   this  work  are   in   line  
with   the   international   FAO   guidelines   for   sturgeon  management   and   release.   The   present  
work  represents  the  first  breeding  plan  for  the  Adriatic  sturgeon  based  on  a  detailed  genetic  
characterization  and  can  be  considered  as  a  reference  guideline  for  all  conservation  actions  
based  on  controlled  reproductions  of  this  species.  
Moreover,  this  is  the  first  attempt  to  propose  a  coordinated  strategy  for  the  safeguard  of  the  
captive  critically  endangered  Adriatic  sturgeon,  aimed  to  preserve  its  genetic  diversity.  Given  
the  critical  status  of  this  species,   the  actions  here  proposed  should  be  realized   in  the  near  
future  and  should  be  complemented  by    activities  at  different  levels  such  as  the  restoration  
of  natural  environments  or   the   implementation  of      releasing  protocols  aimed   to  maximize  
the  fitness  of  the  animals.    
Finally,  this  breeding  plan  and  the  related  approaches,  may  represent  a  useful  reference  also  
for  other  imperilled  tetraploid  sturgeon  species.  
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5. OTHER  PUBLICATIONS  
Here  below   I  have  resumed  other  publications   involving   the  species  A.  naccarii  on  which   I  
have  participate  during  my  PhD.  The  original  publications  are  reported  in  Appendix  I  and  II.  
  
5.1 Transcriptome  sequencing  of  the  Adriatic  sturgeon    
(original  publication  in  Appendix  I)  
  
This  work  concerns  the  analysis  of  a  454-­‐sequenced  transcriptome  obtained  from  brain  and  
gonads   cDNA   libraries   of   two   A.   naccarii   individuals   (one   male   and   one   female   full-­‐sibs).  
These  are  the  first  transcriptome  data  for  sturgeon  species.  
I  have  contributed  to  the  phase  of  preparation  of  samples  for  libraries.  
The   sequencing   yielded   55,000   high   quality   Expressed   Sequence   Tags   (ESTs)   given   by   the  
assembling  of  182,066  reads  for  the  male  and  167,776  for  the  female.  
Besides  its  evolutionary  value  for  the  amount  of  new  information  obtained  for  a  member  of  
the   Chondrosteans,   this   work   focused   on   the   identification   of   gene   related   to   sex  
differentiation,   which   could   be   differentially   expressed   between   the   two   sexes.   The  
transcriptome  was  screened  for  32  genes  related  to  sex  differentiation  of  which  5  appear  to  
be  specifically  for  male  and  2  for  female.  
Moreover,   the   identification   of   a   large   amount   of   SNPs   (21,791)   and  microsatellites   EST-­‐
linked   (5,295)   is   an   important   step   towards   the   establishment   of   a   genome  wide   genetic  
markers  panel   that   could  be  useful   in   the   future   in  monitoring   the  effects  of   conservation  
activities  in  captivity  and  in  the  wild  (releases).    
  
5.2  Analysis  of  transposable  elements  in  Acipenser  naccarii  
(original  publication  in  Appendix  II)    
  
During  these  years  I  also  had  the  possibility  to  contribute  to  the  discovery  of  Tana1,  a  new  
putatively  active  Tc1-­‐like  transposable  element  (Plasterk  et  al.,  1999)  found  in  the  genome  of  
sturgeons.    
The   complete   sequence   of   Tana1   was   first   characterized   in   the   454-­‐sequenced  
transcriptome  of  the  Adriatic   sturgeon   (A.  naccarii)  by  Dott.  Michele  Vidotto.  The  element  
found  in  the  transcriptome  was  obtained  by  assembling  many  short  reads  but  this  cannot  be  
a  certain  indication  that  the  entire  sequence  is  transcribed.    
Therefore,  the  element  was  isolated  and  characterized  from  the  cDNA  of  the  same  species  
(by  PCR  and  cloning)  to  validate  the  bioinformatics  data.  Then,  Tana1  was  isolated  from  the  
genome  of  Adriatic  sturgeon  and  we  demonstrated  its  occurrence  also  in  the  genome  of  12  
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additional   sturgeon   species   including   3   genera   of   the   Acipenseridae   (Acipenser,   Huso   and  
Scaphirhynchus).  
The  integrity  of  the  native  form  (with  the  entire  sequence  of  the  transposase),  the  presence  
of   all   expected   functional   domains   (Shao   and   Tu,   2001;   Yuan   and  Wessler,   2011)   and   its  
occurrence  in  the  sturgeon  transcriptome  suggest  a  current  or  recent  activity  of  Tana1.  The  
results  of  this  study  were  recently  published  (Pujolar  et  al.,  2013;  Appendix  I).  
Moreover,   the  discovery  of  DNA  editing   activity  by  ADAR  (Adenosine  Deaminase  Acting  on  
RNA)   enzymes   on   the   Tana1   inverted   repeats   opens   new   interesting   perspectives   for   the  
next  year  to  study  the  putative  activity  of  this  element  and  the  role  of  post-­‐transcriptional  
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The Adriatic sturgeon is a highly endangered tetraploid species whose conservation depends up ex-situ man-
agement of the remnant genetic variability. Understanding whether the species follows a tetrasomic or a di-
somic inheritance pattern is of primary importance to set up a parental allocation procedure and to establish
a long-term breeding plan. Moreover, comprehending the inheritance modality can strongly contribute to
understanding the origin of tetraploidy in this species. For this purpose, microsatellite inheritance patterns
were analyzed in 7 complete families and at 7 loci for a total of 12 family/locus combinations. For each avail-
able family, a preliminary selection of loci was performed, in order to avoid ambiguities due to allele dosage,
null alleles or interference between parental contributions. Results allowed to unambiguously reject a strict
disomic inheritance pattern and to suggest tetrasomy as the more likely model. Accordingly, parental chro-
mosomes can be expected to pair in the gametes in all possible combinations, though a certain degree of pref-
erential pairing could not be excluded for the limited statistical power reached. This study represents the ﬁrst
investigation of the inheritance pattern in the Adriatic sturgeon and provides relevant information for the
correct management of its residual genetic diversity.
Published by Elsevier B.V.
1. Introduction
Sturgeons (infraclass Chondrostei, order Acipenseriformes) are a
very ancient ﬁsh group, distributed in the Palearctic hemisphere
and represented by about 25 species (Peng et al., 2007). The interna-
tional Union for Conservation of Nature (IUCN, March 2010) recently
identiﬁed sturgeons as the most endangered group of animals with
85% of the species being at risk of extinction according to the Red
List of Threatened Species (http://www.iucnredlist.org). This vulner-
ability is mostly due to the very high economic interest in these ani-
mals, overexploited for the production of caviar, one of the most
valuable products on the international food market (Ludwig, 2008).
Since 1998, international trade in all species of sturgeons has been
regulated under CITES (http://www.cites.org) owing to concerns
over the impact of unsustainable harvesting and illegal trade (Ludwig,
2008; Pikitch et al., 2005). Moreover, the dramatic decline in natural
sturgeon populations in recent years prompted conservation efforts
for most sturgeon species by means of restocking with animals pro-
duced by controlled reproduction (Congiu et al., 2011).
The correct management of highly imperiled populations by means
of ex-situ conservation programs must be supported by adequate ge-
netic investigations (Doukakis et al., 2010; Ludwig, 2006), which in
sturgeons deal with a very complex genome and different levels of
ploidy (Fontana et al., 2008; Ludwig et al., 2001). Two main groups of
species can be identiﬁed based on their number of chromosomes,
which is about 120 or 240, respectively. The level of ploidy to be as-
cribed to these chromosome numbers is still being debated. Some au-
thors consider species of the two groups to be diploid and tetraploid,
respectively (Fontana et al., 2007), while others attribute the tetraploid
or octoploid conditions to these same groups (Birstein and Vasil'ev,
1987). The high number of chromosomes was likely reached through
multiple polyploidization events starting from a 60-chromosome com-
mon ancestor (Fontana et al.,2008). After theﬁrst duplication event, the
resulting tetraploid genome (4n=120) underwent a functional diploi-
dization (2n=120). For this reason, species presenting about 240 chro-
mosomes, considered to be octoploid by some authors, can be
considered as functionally tetraploid, originating from a second event
of chromosome doubling that likely took place more than once in Aci-
penseridae (Fontana et al., 2008) and possibly due to different mecha-
nisms. Accordingly, the different tetraploid species (2n=240)
distributed in all the northern hemispheremight be either auto- or allo-
tetraploids (Fontana et al., 2008).
Depending on the origin of tetraploidy, different modalities of chro-
mosome segregation into gametes are expected, namely tetrasomic and
disomic (Stift et al., 2008). The tetrasomic pattern would be followed
when each chromosome has four homologous copies (A1A2A3A4) and
each copy may pair randomly with any other homolog during meiosis.
This is usually observed in autotetraploids (derived from an intra-
speciﬁc genome duplication). The six possible combinations all can seg-
regate into gametes (A1A2, A1A3, A1A4, A2A3, A2A4, A3A4) (Stift et al.,
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2008). On the contrary, a disomic inheritance pattern would be ob-
served in the presence of four homeolog (i.e., not properly homolog)
chromosomes (A1A2B1B2) that cannot randomly pair. This generally oc-
curs in allotetraploids in which tetraploidy is reached through hybridi-
zation. Each chromosome pairs only with its homolog in meiosis and
only four different allele combinations can segregate into gametes
(A1B1, A1B2, A2B1, A2B2) (Stift et al., 2008). Besides the pure tetrasomic
and disomic modalities, different degrees of preferential pairing be-
tween chromosomes could lead to intermediate inheritance patterns
in which all the possible chromosome combinations are expected
with different frequencies (Stift et al., 2008).
Apart fromproviding information on the origin of their karyotype, un-
derstanding the inheritance pattern in tetraploid sturgeon species repre-
sents a necessary step toward the correct management of the residual
genetic variability and the establishment of a breeding program for both
conservation and aquaculture purposes (Rodzen et al., 2004). This is the
case for the Adriatic sturgeon (Acipenser naccarii), endemic to the North
Adriatic Sea and its tributaries. Since May 2010, it has been listed by
IUCN as critically endangered and possibly extinct in the wild, on the
basis of an estimated population decline greater than 80% (possibly
100) over the past three generations. Moreover, no evidence of natural
spawning has been reported in the last 15 years. The few animals occa-
sionally captured in the wild are probably of aquaculture origin and
were released during the several restocking activities that have taken
place since 1992 (Congiu et al., 2011; Ludwig et al., 2003). All Adriatic
sturgeons released in the past were obtained by artiﬁcial reproduction
starting from a limited broodstock of 50 animals of wild origin (hereinaf-
ter F0) stocked in an aquaculture plant located inOrzinuovi (Brescia, Italy)
since the early 1970s. Besides the F0 stock, additional few stocks of F1 an-
imals, produced by artiﬁcial generation, were retained in captivity for up
to 15 years and are now available as breeders. Currently, the conservation
of the Adriatic sturgeon is totally dependent on the correct management
of these captive breeders through the establishment of a long-termbreed-
ing plan aimed at preserving the genetic diversity available. Unfortunate-
ly, no information is available about the degree of relatedness existing
among these future F1 breeders and the establishment of a reliable paren-
tal allocation procedure is indispensable for a long-term breeding plan
(Congiu et al., 2011).
However, the establishment of a parental allocation procedure on a
tetraploid species cannot neglect themodality of inheritance. The geno-
types expected in the progeny of a given parent vary under different
transmission models. Moreover, the knowledge of the inheritance pat-
tern is basic for the development of virtual offspring simulation proce-
dures that can be very useful in assessing the expected range of
genetic variation under different degrees of kinship (Congiu et al.,
2011). In fact, knowing the inheritance model at microsatellite loci, al-
lows simulating full or half sibs genotypes that can be used for estimat-
ing expected distribution of pairwise relatedness, under different
degrees of kinship. This might be especially useful when comparing in-
dividuals whose parents are not sampled or no longer exist (Rodzen et
al., 2004). The modality of inheritance has never been investigated be-
fore, in either the Adriatic sturgeon or in other Palearctic polyploid stur-
geons. The only available studies were conducted on two North
American tetraploid species: thewhite sturgeon (Acipenser transmonta-
nus) (Rodzen and May, 2002) and the lake sturgeon (Acipenser fulves-
cens) (McQuown et al., 2002; Pyatskowit et al., 2001) by comparing
microsatellite genotypes of parents and progeny. These authors inferred
allele dosage from band intensity and compared the frequencies of ob-
served genotypes with the ones expected under the pure tetrasomic or
disomic inheritance patterns. However, as better developed in the Dis-
cussion section, this approachmay present some ambiguities due to in-
ference of allele dosage, presence of null alleles and interference
between parental genotypes due to allele sharing. Furthermore, since
the expected genotype frequencies under the two segregation models
can be similar, the analysis of high numbers of ﬁngerlings in order to
reach statistical signiﬁcance is required.
In the present study, we analyzed microsatellite segregation pat-
terns in complete families; however, in order to avoid the possible
ambiguities cited above, we performed a preliminary selection of
the loci to be analyzed. Only loci for which each single allele could
be identiﬁed and followed in the progenywere used. For this purpose,
all parents of the available families were genotyped in advance at 24
loci, and for each family, only the loci that satisﬁed the conditions
explained in the following section were further analyzed in the prog-
eny. This permitted obtaining, for the ﬁrst time, unambiguous results
about the inheritance pattern in a sturgeon species.
2. Materials and methods
2.1. Preliminary selection of families and loci
All samples analyzed in the present study were obtained from the
aquaculture plant Azienda Agricola VIP located in Orzinuovi (Brescia,
Italy), where all the breeders of wild origin are reared and where
some of them are reproduced every year. We focused on the mating
pairs used for reproduction in 2007 and 2010, for which progenies
had already been collected or were already available, respectively.
All the breeders had been genotyped at 24 loci (Congiu et al., 2011)
and the genotypes screened for the selection of loci to be analyzed.
A locus was considered to be informative when the following condi-
tions were satisﬁed: (a) at least one of the parents (the informative
one) had a complete heterozygote genotype (four different alleles);
(b) no more than one allele was shared by the two parents. In this
way (point a), the four alleles of the informative parent are known
to be present in a single copy, thus avoiding ambiguities due to allele
dosage. Moreover, two of the four alleles are always expected to seg-
regate in every F1 animal, thus excluding the presence of null alleles.
Accordingly, the transmission of each allele could be unambiguously
followed in the progeny. With regard to point b, alleles transmitted
by the informative parents can also be identiﬁed in the progeny
when one allele is shared with the mating partner. An example is
shown in Fig. 1 in which allele 1 is shared by the two parents. After
preliminary selection, 7 families and seven loci were selected for fur-
ther analyses. Since some families were informative at more than one
locus, a total of 12 family-locus combinations were analyzed. In one
family group (NaccS17♂×NaccS19♀) we also had the opportunity
to follow the genetic contribution of both parents, both complete het-
erozygotes without shared alleles.
2.2. Sample collection and laboratory procedures
Genomic DNA was extracted from breeders' ﬁn clips (10–100 mg)
and from F1 larvae, using the DNA Easy Tissue Extraction Mini kit
(Euroclone) and stored at−4 °C. A total of 174 F1 animals were ana-
lyzed (Table 1). Loci analyzed are listed in Table 1, together with the
optimized annealing temperatures, allelic size range and the number
of ﬁngerlings genotyped for each family.
Microsatellite loci were ampliﬁed from genomic DNA in 25 μl reac-
tions containing: Taq buffer 1X (GE Healthcare), 1.5 mM MgCl2,
0.4 μM of each primer, 200 μM dNTPs, 0.5 units of Taq (GE Healthcare),
and about 50 ng of genomic DNA. All ampliﬁcationswere performed on
GeneAmp PCR System 9700 thermal cyclers (Applied Biosystems).
After checking ampliﬁcations on 1.8% agarose gel, genotyping was
performed on ABI PRISM 3730XL or ABI 3100 automatic sequencers
(external service, BMR Genomics). Scoring was conducted using the
software Genotyper version 3.7 (Applied Biosystems).
2.3. Statistical analyses
Likelihood ratio tests with 1 df were applied to compare the null
model of tetrasomy with the alternative models intermediate be-
tween disomic and tetrasomic, following the method proposed by
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Stift et al. (2008). For each cross-locus combination, we obtained log-
likelihood estimates from constrained nonlinear regression models of
the alternative inheritance models, using SPSS syntax provided by
Stift et al. (2008). Signiﬁcance levels for multiple comparisons across
loci and families were adjusted using the sequential Bonferroni tech-
nique (Rice, 1989).
3. Results
At 23 of 24 loci previously analyzed in the F0 animals, no individ-
uals showedmore than four alleles (data not shown). The only excep-
tion was represented by locus D3 in which 23 of 42 F0 animals
showed 5, 6 or 7 alleles. Locus D3was already known to be duplicated
(Forlani et al., 2008) and was accordingly discarded from this study.
Of the remaining 23 loci, 20 were potentially useful in investigat-
ing allele transmission patterns, having four or more alleles. The max-
imum number of alleles per locus observed was 16 with an average of
7.96 (SD=3.78) alleles per locus.
Table 2 reports the different allele combinations (with the corre-
sponding frequencies) observed in the progenies of all families at
analyzed loci. For each family, the allelic proﬁles of both parents are
reported along with six F1 proﬁles, representative of the different allele
combinations observed. Alleles inherited from the informative hetero-
zygote parent are marked in bold. The alleles inherited from the
other parent were not informative, except for the case of family
NaccS17×NaccS19 at locus AoxD234, in which both parents were
completely heterozygote.
At all loci analyzed, the six allele combinations expected in the prog-
eny under tetrasomic inheritance were observed. The only exception is
represented by locus AoxD241, which showed only 5 allele combina-
tions in the progeny of the family NaccS29×NaccS26, probably due to
the limited number of F1 individuals available. However, the presence
of ﬁve combinations is sufﬁcient to exclude a disomic inheritance pat-
tern. Moreover, at the same locus, all six allele combinations were ob-
served in the progeny of NaccS30×NaccS16, conﬁrming tetrasomy.
Results of Likelihood ratio tests are reported in Table 3 in which the
best ﬁtting model among the ones tested is compared with the null hy-
pothesis of tetraploidy. Strict disomic inheritancewas rejected at all loci
and no intermediate pattern ﬁtted the observed allele combination fre-
quencies signiﬁcantly better than the null model. The number of indi-
viduals analyzed did not allow us to signiﬁcantly reject intermediate
inheritancemodels, however, also in the case of a certain degree of pref-
erential chromosome pairing, the rejection of the strict disomic model
indicates that all possible pair combinations of parental chromosomes
can be expected in the gametes.
4. Discussion
4.1. Inheritance pattern
Preliminary genotyping performed on F0 animals at 24 loci provid-
ed information useful for inferring the ploidy level of the Adriatic
sturgeon. As mentioned above, the level of ploidy to be ascribed to
sturgeon species with about 120 or 240 chromosomes has been de-
bated. The observed presence of no more than four alleles per individ-
ual at 19 loci (out of the 20 loci with more than four alleles in the
population) suggests that the Adriatic sturgeon should be considered
functionally a tetraploid. Only one locus (D3) previously reported to
be duplicated (Forlani et al., 2008), presented up to seven alleles
per individual (data not shown). Locus D3 is not the one with the
highest number of alleles among the ones analyzed in this study,
however, more than half the individuals showed ﬁve, six or seven al-
leles. If this observation were to be ascribed to octoploidy, individuals
with more than four alleles should have also been observed at loci
Table 1











NaccS30♂×NaccS16♀ AnacE4 57 °C 326–354 28
AoxD241 57 °C 156–198 25
NaccS31♂×NaccS19♀ AoxD234 52 °C 215–275 29
AnacB10 62 °C 212–258 30
NaccS9♂×NaccS33 ♀ AoxD234 52 °C 215–275 31
NaccS29♂×NaccS26♀ AoxD241 57 °C 156–198 20
NaccS31 ♂×NaccS8 ♀ AoxD234 52 °C 215–275 28
NaccS17♂×NaccS19♀ AoxD234 52 °C 215–275 14
NaccS23♂×NaccS28♀ AoxD64 60 °C 216–252 23
AnacE4 57 °C 326–354 22
AnacA6 62 °C 289–313 23
An20 62 °C 159–213 23
Fig. 1. Expected allele segregation under disomic and tetrasomic inheritance. The ﬁgure represents the possible expected phenotypes if one parent presents a completely hetero-
zygote genotype and shares one single allele with the mating partner. Under the hypothesis of disomy, we have supposed pairs 1,2 and 3,4 to be homolog. Consequently allele com-
binations 12 and 34 are not expected under disomic inheritance while under tetrasomic inheritance all pairwise combinations of alleles are possible. Underlined numerals indicate
biparental inheritance of allele 1.
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Table 2
Single-locus microsatellite inheritance for each sturgeon family. A total of 12 family/locus combinations were studied. Phenotypic proﬁles of parents and six representative F1 individuals
are reported for each cross. Alleles are reported as allele sizes in bp. The 4 alleles of the complete heterozygote parents are highlighted in bold and marked with capital letters A, B, C or
D, also used to label allele combinations observed in the progeny. The missing combination for the family NaccS29×NeccS26 at locus AoxD241 is marked in gray. Since both
NaccS17 and NaccS19 parents were informative at locus AoxD234, alleles observed in NaccS17 are underlined and labeled with lowercase letters. The umber of individuals
observed for each allele combination is reported in brackets.
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AB (5) 223 227 235 243 AB (0)
AC (6) 223 227 235 247 AC (2) 160 172 180
AD (4) 223 235 243 275 AD (6) 160 172 188
BC (5) 223 227 243 247 BC (4) 164 172 176 180

































































































CD (3) 223 227 247 275 CD (4) 172 176 180 188
Locus AoxD234 Phenotypes Locus AnacB10 Phenotypes




















AB (9) 219 227 231 AB (1) 224 243 249
AC (5) 219 227 251 AC (2) 215 224 249
AD (4) 219 227 259 AD (6) 215 224 252 258
BC (3) 215 219 231 251 BC (10) 243 249 252
BD (6) 215 219 231 259 BD (8) 215 243 252 258
CD (2) 219 251 259 CD (3) 215 249 252 258




























AB (8) 215 219 223 227 AB (1) /ad (1) 223 227 231 255
AC (4) 219 223 243 AC (2)/bd (1) 227 243 251 255
AD (6) 219 223 251 AD (2)/cd (4) 227 247 255 259
BC (6) 215 219 227 243 BC (2)/ab (3) 223 231 243 251
BD (1) 219 227 251 BD (4)/cd 231 247 255 259
CD (3) 215 219 243 251 CD (3)/bc (1) 243 247 251 259





















AB (5) 332 340 344 AB (2) 160 164 168 172
AC (9) 332 340 352 AC (8) 160 168 176 184
AD (4) 332 340 354 AD (2) 160 180 184
BC (2) 332 344 352 BC (2) 168 172 176 184
BD (7) 332 344 354 BD (2) 168 172 180
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with a comparable or higher level of polymorphism. The absence of
individuals with more than four alleles at all remnant loci suggests
that locus D3 maps to a duplicated region in the genome, as already
reported by Forlani et al. (2008).
At all seven loci analyzed, all possible allele combinations were ob-
served, thus rejecting a pattern of strict disomic inheritance. At three
loci (AnacE4, AoxD241 and AoxD234) we had the possibility to analyze
more than one family and these results were always conﬁrmed. Results
of the constrained nonlinear regression analyses revealed that interme-
diate inheritance models did not ﬁt the observed allele combination
frequencies signiﬁcantly better than the null model of pure tetrasomy
(TAU=1) in any of the cross-locus combinations.
Therefore our data do not support the existence of any preferential
pairing, although statistical power was limited and a larger sample
size would be needed to obtain more conﬁdence. The possibility to
exclude the pure disomic pattern has important implications for the
management of captive genetic diversity. For example, the possibility
of observing all the parental allele combinations in the gametes con-
ﬁrmed the validity of the approaches previously used for the alloca-











































































299 301 159 163 171
AB (2) 297 299 AB (6) 159 171 185
AC (7) 297 299 301 307 AC (2) 159 163 171 189
AD (4) 297 299 301 313 AD (4) 159 171 193
BC (3) 299 301 307 BC (1) 159 163 185 189
BD (5) 299 301 313 BD (7) 163 171 185 193
CD (2) 299 301 307 313 CD (3) 159 163 189 193
Locus AoxD64 Phenotypes Locus AnacE4 Phenotypes

















AB (3) 216 224 228 AB (4) 332 344
AC (5) 216 228 232 AC (6) 332 336 352
AD (3) 216 228 326 AD (1) 332 336 354
BC (2) 224 228 232 BC (4) 336 344 346 352
BD (3) 216 224 228 326 BD (4) 332 344 346 354




Results of Likelihood ratio test between the null model of tetrasomy (TAU=1) and the best ﬁtting intermediate one (TAU estimated). In family NaccS17×NaccS19 maternal and
paternal contributions are indicated with (m) and (p) respectively.
Locus Families n Null model (Τ=1)
LIKELIHOOD OBS




Pairing alleles Τ LIKELIHOOD OBS
AoxD234 NaccS9×NaccS33 31 55,54 AB/CD 0,77 55,13 0,41 0,26
NaccS31×NaccS19 29 51,96 AD/BC 0,72 51,38 0,58 0,22
NaccS31×NaccS8 28 50,17 AC/BD 0,54 48,49 1,68 0,10
NaccS17×NaccS19 (p) 14 25,08 AB/CD and AD/BC 0,86 25,01 0,07 0,39
NaccS17×NaccS19 (m) 14 25,08 AD/BC 0,43 23,76 1,32 0,13
AoxD241 NaccS29×NaccS26 20 35,84 AB/CD 0,60 34,96 0,87 0,17
NaccS30×NaccS16 25 44,79 − 0,48 42,88 1,92 0,08
AnacB10 NaccS31×NaccS19 30 53,75 AB/CD 0,40 50,60 3,16 0,04a
AnacE4 NaccS30×NaccS16 28 50,17 AB/CD and AD/BC 0,64 49,21 0,96 0,16
NaccS23×NaccS28 22 39,42 AD/BC 0,68 38,82 0,59 0,22
AnacA6 NaccS23×NaccS28 23 41,21 AB/CD 0,52 39,74 1,47 0,11
AoxD64 NaccS23×NaccS28 23 41,21 AD/BC 0,65 40,46 0,75 0,19
An20 NaccS23×NaccS28 23 41,21 AD/BC 0,65 40,46 0,75 0,19
a Not signiﬁcant after sequential Bonferroni correction.
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simulation of virtual progenies under the assumption of tetrasomy
(Congiu et al., 2011).
The decision to limit the analysis to fully informative loci provid-
ed, for the ﬁrst time in a tetraploid sturgeon species, an indication
of the inheritance pattern without the need for strong assumptions.
The main problems of all the studies previously performed on tetra-
ploid sturgeon species were due to the assumption that band intensi-
ty on a gel was proportional to the number of allele copies. However,
a given proﬁle might correspond to several different genotypes, mak-
ing this approach less reliable for allele dosage. For example, a proﬁle
with two alleles (A and B) can be observed for six different geno-
types: ABBB, AABB, AAAB, ØAAB, ØABB, ØØAB, where Ø represents a
null allele. The corresponding A/B intensity ratios are 1/3, 1/1, 3/1,
2/1, 1/2 and 1/1 respectively, which are very hard or impossible to
distinguish, especially considering the intrinsic variability of PCR efﬁ-
ciency. A second difﬁculty encountered by previously performed
studies on sturgeon inheritance patterns was caused by the incom-
plete heterozygosity of the parental genotypes analyzed. Incomplete
heterozygosity implies that a limited number of allele combinations
is expected in the progeny. Consequently, the same genotypes are
often expected under tetrasomy or disomy and the two transmission
models can be distinguished only by comparing observed and
expected genotype frequencies in the progeny. An example is given
by a parental genotype with two alleles A and B in which we suppose
that the genotype AABB could be deduced from band intensity and
that no null alleles are present. The expected segregating genotypes
are AA, AB and BB with the respective ratios of 1/6, 2/3 and 1/6
under tetrasomic inheritance and 1/4, 1/2 and 1/4 under disomy
(when the homolog allele pairs are AB and AB). The only way to dis-
tinguish tetrasomy from disomy would be by analyzing genotype fre-
quencies through the genotyping of a high number of individuals.
This background, together with the strong assumptions related to
allele dosage and to the presence of null alleles, justiﬁes the choice of
the approach adopted in this study. Furthermore, the results pre-
sented here were obtained by analyzing a relatively low number of
individuals compared to previous investigations, drastically reducing
the experimental effort.
4.2. Evolutionary implications
The high incidence of natural interspeciﬁc hybridization among
sturgeon species (Birstein and Bemis, 1997) might lead to considering
allopolyploidization to be the more plausible cause of polyploidiza-
tion in sturgeons. However, tetrasomic inheritance is usually associat-
ed with autotetraploidy (Stift et al., 2008). The results reported here
suggest that the tetraploid condition of the Adriatic sturgeon could
originate from an autopolyploidization event in which only one spe-
cies was involved.
The Adriatic sturgeon belongs to a cluster composed of four 240-
chromosome species that also includes the Russian sturgeon (Acipen-
ser gueldenstaedtii), the Persian sturgeon (Acipenser persicus) and the
Siberian sturgeon (Acipenser baerii) (Ludwig et al., 2001). These four
species are characterized by high genetic similarity (Birstein and
DeSalle, 1998; DeSalle and Amato, 2004; Ludwig, 2008). Unfortunate-
ly, no information about the inheritance patterns in the other species
of this group is available. However, the duplication event that led to
tetrasomy in the Adriatic sturgeon was suggested to have occurred
in a common ancestor of this group of species (Ludwig et al., 2001).
If this hypothesis is true, the approach used in the present study is
expected to give analogous results also in the above listed close-
related species.
The coexistence of tetrasomic and disomic inheritance models in
the same genome (with different chromosomes following different
patterns) cannot be excluded, as suggested for the lake sturgeon
(A. fulvescens) by McQuown et al. (2002). This might be ascribed to
a secondary functional diploidization (Fontana et al., 2008; Tagliavini
et al., 1999). In allotetraploids, for example, if the original hybridiza-
tion event took place between very similar genomes, different chro-
mosomes may have different degrees of homology, with some of
them being totally homolog (i.e. tetrasomic) and others different
enough to have caused the distinction of the parental species (Stift
et al., 2008). Alternatively, completely homolog chromosome tetrads
arising from an autotetraploidization event may experience a second-
ary differentiation in two homeolog pairs (Stift et al., 2008). For this
reason, extending the inheritance pattern observed at only seven
loci to a whole genome composed of about 60 tetrads would be a
strong assumption. The inheritance modality should be veriﬁed, if
possible, at all loci used for any application concerning inheritance.
Moreover it should be underlined that only tetraploid loci were con-
sidered in this study. We cannot exclude that the above described
process of functional reduction of ploidy experienced by tetraploid
sturgeon species (Fontana et al., 2008) have further differentiated
some loci to diploidy, as observed in other species such as the lake
sturgeon (Pyatskowit et al., 2001).
5. Conclusion
In conclusion, the analyses of previously selected family groups at
fully informative loci yielded concordant indications about the micro-
satellite inheritance pattern in the tetraploid Adriatic sturgeon. The
rejection of the pure disomic pattern provided useful information
for the management of its genetic variability and suggests tetrasomy
as the most likely inheritance pattern for this species. In order to ex-
clude intermediate models of inheritance with a higher statistical
conﬁdence, more individuals should have been analyzed. However,
for what concerns the practical management of the genetic variabili-
ty, our results conﬁrm the possibility to observe all the possible com-
binations of parental alleles in the progeny, which represents a
relevant contribution to the establishment of an optimal parental al-
location procedure. Our results also suggest that the current ploidy
level in A. naccarii likely was reached through an autopolyploidization
event. To our knowledge, these results represent the ﬁrst data con-
cerning the modality of segregation in the Adriatic sturgeon, and,
more generally, in Palearctic tetraploid sturgeons.
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Species and hybrid identification of sturgeon caviar: a new
molecular approach to detect illegal trade
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Abstract
Overexploitation of wild populations due to the high economic value of caviar has driven sturgeons to near extinc-
tion. The high prices commanded by caviar on world markets have made it a magnet for illegal and fraudulent caviar
trade, often involving low-value farmed caviar being sold as top-quality caviar. We present a new molecular
approach for the identification of pure sturgeon species and hybrids that are among the most commercialized species
in Europe and North America. Our test is based on the discovery of species-specific single nucleotide polymorphisms
(SNPs) in the ribosomal protein S7, supplemented with the Vimentin gene and the mitochondrial D-loop. Test vali-
dations performed in 702 specimens of target and nontarget sturgeon species demonstrated a 100% identification suc-
cess for Acipenser naccarii, A. fulvescens, A. stellatus, A. sinensis and A. transmontanus. In addition to species
identification, our approach allows the identification of Bester and AL hybrids, two of the most economically impor-
tant hybrids in the world, with 80% and 100% success, respectively. Moreover, the approach has the potential to iden-
tify many other existing sturgeon hybrids. The development of a standardized sturgeon identification tool will
directly benefit trade law enforcement, providing the tools to monitor and regulate the legal trade of caviar and pro-
tect sturgeon stocks from illicit producers and traders, hence contributing to safeguarding this group of heavily
threatened species.
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Introduction
Sturgeons (order Acipenseriformes) are large primitive
fishes including about 25 species with particular life his-
tory traits. Sturgeons are long-lived organisms, with life-
spans up to 100 years, show late maturation (5 to more
than 30 years) and do not reproduce annually (2 to more
than 10 years between reproductive cycles) (Pikitch et al.
2005). Multiple levels of ploidy exist in sturgeons, includ-
ing diploid, tetraploid and hexaploid species with about
120, 240 and 360 chromosomes, respectively (Fontana
et al. 2007). Once widely distributed and abundant in
temperate waters of the northern hemisphere, sturgeons
exist today in the wild only as fragmented and isolated
populations with a limited geographical distribution
(Pikitch et al. 2005; Ludwig 2008). The dramatic decline
in sturgeon abundance observed in the last decades has
lead the International Union for Conservation of Nature
(IUCN) to identify sturgeons as the most endangered
group of species in the world, with 85% of sturgeons
being at risk of extinction according to the Red List of
Threatened Species (www.iucnredlist.org). Together
with pollution and habitat degradation, the principal rea-
son for the highly threatened status of sturgeons is over-
exploitation of wild populations due to the high
economic value of caviar, a luxury delicacy made of
refined eggs of sturgeons, one of the most valuable food
items of animal origin (Ludwig 2008; Fain et al. 2013;
Jahrl 2013).
The severe decline of natural stocks in recent years
has prompted a parallel increase in sturgeon aquaculture
programmes in Europe, Asia and North America with a
special interest in those species that either produce high-
quality caviar or demonstrate enhanced growth rates in
aquaculture. Since 2002, import of caviar from aquacul-
ture has increased, while import of caviar from the wild
has decreased (Bronzi et al. 2011). In 2006, global imports
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of farmed caviar (20 tonnes) were for the first time nearly
equivalent to those from wild production (24 tonnes)
(Ishihara et al. 2010). Estimated world production of
farmed caviar in 2008 was 110–120 tonnes originating
from 16 countries. According to FAO data, current pro-
duction of meat and caviar in aquaculture largely
exceeds production from wild populations (Bronzi et al.
2011).
At present, a substantial portion of aquaculture caviar
production comes from sturgeon hybrids. For instance,
in China, 38% of total biomass production is attributed
to farmed hybrids (Wei et al. 2011). Hybrid production
for caviar usually involves species with same level of
ploidy, and although hybridization between species with
different degree of ploidy is possible, the resulting
hybrids are either sterile or show a reduced production
of eggs (Birstein 2002). Early research into hybrid pro-
duction focused on Bester, a hybrid between two diploid
species: Beluga (Huso huso) females and Sterlet (Acipenser
ruthenus) males. This hybrid produces high-quality cav-
iar at a younger maturity age as compared to pure
beluga. Many other hybrid combinations are now culti-
vated. Among these, the following ones obtained from
tetraploid species are particularly relevant: AL, a hybrid
between Adriatic sturgeon (Acipenser naccarii) females
and Siberian sturgeon (Acipenser baerii) males; Rolik, a
hybrid between Russian sturgeon (Acipenser gue-
ldenstaedtii) females and Siberian sturgeon males and the
bidirectional hybrid between Kaluga sturgeon (Huso dau-
ricus) and Amur sturgeon (Acipenser schrenckii) (Wei et al.
2011). In recent years, additional hybrids such as
A. schrenckii 9 A. baerii and A. gueldenstaedtii 9 A. nac-
carii (GUNA) have shown up for the first time in interna-
tional trade (CITES trade statistics derived from the
CITES Trade Database, UNEP World Conservation Mon-
itoring Centre, Cambridge, UK).
The presence of hybrid-origin caviar or meat on the
international market poses a challenge to enforcing inter-
national trade regulation. Since 1998, sturgeons have
been listed under the Convention on International Trade
in Endangered Species (CITES; www.cites.org). Most
species are listed under CITES Appendix II, which
allows for sustainable trade under strict guidelines regu-
lated by governments. Trade in sturgeon parts or deriva-
tives must be accompanied by an export permit that
indicates the species harvested and is issued on the basis
of sustainable harvest. The European Union has taken
measures to fight illegal caviar trade and implemented
in 2006 a universal labelling system for caviar traded
under CITES that includes species and country of origin
(EU regulation No. 865/2006). Hybrid caviar must be
labelled and accompanied by an export quota even
though CITES does not require the issuance of annual
quotas for hybrid caviar in trade.
Illegal harvest and trade of caviar increased dramati-
cally in the 1990s, flooding the international market with
illegal, low-quality and inexpensive caviar (Knapp et al.
2006). At present, a large portion of the global caviar
trade is thought to be illegal, possibly exceeding legal
trade by several times (Knapp et al. 2006). Concern over
fraudulent mislabelling of the species origin of caviar in
international trade and domestic markets triggered the
development of molecular markers for the identification
of caviar products (DeSalle & Birstein 1996; Birstein et al.
2000; Congiu et al. 2001, 2002; Mugue et al. 2008; Douka-
kis et al. 2012). Most sturgeons can nowadays readily be
identified to the species level using mitochondrial genes.
However, those fail to identify some closely related and
commercially important species such as the ones
included in the so-called ‘gueldenstaedtii complex’: Russian
(A. gueldenstaedtii), Adriatic (A. naccarii), Siberian (A. bae-
rii) and Persian (Acipenser persicus) (Knapp et al. 2006;
Doukakis et al. 2012). Failure of species identification by
mitochondrial markers is due to the high genetic vari-
ability of all four species of this complex as well as to
ancient introgression events (Ludwig 2008). Only
recently, the identification of a diagnostic polymorphism
in the mitochondrial control region allowed distinction
of Russian from Siberian sturgeon (Mugue et al. 2008).
Proposed methods for genetic identification of sturgeon
hybrids include random amplified polymorphic DNA
(RAPD) and amplified fragment length polymorphic
(AFLP) DNA, but their use is discouraged because repro-
ducibility is highly sensitive to experimental conditions
and overall too expensive for routine application (Congiu
et al. 2001, 2002; Rozhkovan et al. 2008; Yarmohammadi
et al. 2012).
The objective of our study is to establish a new molec-
ular approach for the identification of pure sturgeon spe-
cies and hybrids of the most commercialized species in
Europe and North America. Those included a total of 11
pure sturgeon species, including the four species of the
‘gueldenstaedtii complex’ (A. gueldenstaedtii, A. naccarii,
A. baerii and A. persicus) and two of the most commer-
cially important hybrids in Europe and North America,
Bester (H. huso female 9 A. ruthenus male) and AL
(A. naccarii female 9 A. baerii male). The method is
based on the discovery of species-specific diagnostic sin-
gle nucleotide polymorphisms (SNPs) in the first intron
of the nuclear encoded S7 ribosomal protein RPS7 and
supplementary data from the mitochondrial D-loop and
the Vimentin gene. The method is easy and fast, inexpen-
sive, and reliable and reproducible across laboratories.
Ultimately, the development of a standardized identifica-
tion protocol for pure sturgeon species and hybrids pro-
vides the tools to control and regulate the global legal
trade in sturgeon products and combat illegal and fraud-
ulent caviar trade (e.g. low-value farmed caviar sold as
© 2013 John Wiley & Sons Ltd
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top-quality hybrid-origin farmed caviar). Besides sup-
porting trade law enforcement, the method is important
for the management and conservation of this extremely
threatened group of fish.
Materials and methods
Sampling and DNA extraction
A total of 98 individuals from 11 different sturgeon spe-
cies (Acipenser baerii, A. gueldenstaedtii, A. persicus,
A. ruthenus, A. transmontanus, A. naccarii, A. fulvescens,
A. sinensis, A. stellatus, A. sturio and Huso huso) were
selected for sequencing of the first intron RP1 of the
RPS7 gene and species-specific primer design (Table S1).
When possible, samples from different geographical
locations were considered to have a better representation
of the genetic variability of each species. Primer valida-
tion was performed for each primer pair on samples of
target and nontarget species (excluding A. sturio) for a
total of 686 animals. Results were checked by comparing
the band sizes obtained with the expected specific band
sizes as shown in Fig. 1. Additionally, a preliminary
investigation of Acipenser schrenckii and Huso dauricus
was conducted on 10 individuals (of aquaculture origin)
per species and 90 individuals from 10 nontarget species.
Six individuals belonging to three different sturgeon
species (one A. baerii, three A. gueldenstaedtii, two A. per-
sicus) were selected for Vimentin sequencing and subse-
quent primer design. Vimentin validation was performed
on a total of 309 individuals: 56 A. baerii, 96 A. gue-
ldenstaedtii (48 from Caspian and 48 from Azov Sea), 48
A. persicus, 45 A. naccarii, 8 A. ruthenus, 8 A. transmont-
anus, 8 A. fulvescens, 8 A. sinensis, 8 A. stellatus, 8
A. schrenckii, 8 Huso dauricus and 8 H. huso.
Finally, a total of 91 individuals from two commer-
cially important hybrids were used to develop a hybrid
identification tool: 71 Bester (H. huso female 9 A. ruthe-
nus male) and 20 AL (A. naccarii female 9 A. baerii
male).
Genomic DNA was extracted from fin clips, muscle or
caviar eggs (50 ng) using the standard protocol of the
EuroGOLD Tissue DNA Mini Kit (Euroclone).
Development of RP1 marker
Initially, the first intron (RP1) of the nuclear encoded S7
ribosomal protein (RPS7) was amplified from three indi-
viduals of three different species (A. gueldenstaedtii,
A. transmontanus and H. huso) using the universal prim-
ers for fish isolated by Chow & Hazama (1998),
S7RPEX1F and S7RPEX1R. Following the identification
of multiple loci (Figs S1 and S2), a new primer was
designed to specifically amplify locus A (RP1_LocusA_R
5′ATCCAAGTACAAGCTTGAACA3′), which was used
in combination with the universal primer S7RPEX1F.
All PCRs were performed in a total volume of 20 lL,
consisting of 0.25 lM of each primer, 0.1 mM dNTPs, 19
buffer (500 mM KCl, 15 mM MgCl2, 100 mM Tris-HCl pH
8.3, 1 mg/mL BSA, 100 mM (NH4)2SO4, 0.025 U/lL of
Taq DNA polymerase (Sileks or Resnova) and 10 ng of
extracted DNA template. All amplifications were per-
formed on an Applied Biosystem GeneAmp!PCR Sys-
tem 9700 set as follows: 2 min at 94 °C, 33–35 cycles at
94 °C for 45 s, 59 °C for 45 s and 72 °C for 45 s, followed
by a 7-min extension at 72 °C. Products were checked by
1.8% agarose gel electrophoresis, purified using ExoSAP-
IT! and directly sequenced on an ABI Prism 3730XL or
an ABI 3100 automatic sequencer at BMR Genomics.
Sequences presenting no polymorphism were consid-
ered as single alleles (homozygote individuals). For
sequences with double peaks, the consensus sequence
was edited according to the IUPAC code. Heterozygote
individuals, presenting insertions/deletions that
resulted in chromatogram shifting, were cloned to iden-
tify all alleles for each individual. Cloning procedure
was performed in JM109 competent cells using the
P-GEM-T Easy Vector (Promega) following the manu-
facturer’s recommendations. Considering that sequenc-
ing of cloned PCR products is known to generate errors
through single-base mutations (Kobayashi et al. 1999),
sequences were considered to be true alleles only if the
comparison between cloned sequences and observed
peaks in the genomic sequence profiles confirmed the
presence of each polymorphism (Barbisan et al. 2009).
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Fig. 1 Expected profiles and corresponding band sizes on aga-
rose gel for pure species identification using RP1 including (1)
Acipenser fulvescens, (2) A. stellatus, (3) A. sinensis, (4) A. trans-
montanus, (5) A. naccarii, (6) A. baerii and (7) A. ruthenus. The
306 pb band represents the positive control with slight variable
sizes due to different deletions in the different species. The band
of 223 bp identified as a potential marker for Acipenser schrenckii
and Huso dauricuswas not included.
© 2013 John Wiley & Sons Ltd
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second independent PCR. Locus A was sequenced for
a total of 98 individuals from 11 species to detect spe-
cies-specific SNPs. Sequences were edited using Finch-
TV (http://www.geospiza.com/Products/finchtv.shtml)
and aligned using ClustalW (http://www.ebi.ac.uk/
Tools/clustalw/index.html) (Thompson et al. 1994).
A multi-alignment was generated using all sequences
obtained, and species-specific SNPs were identified. A
panel of nine species identification primers were devel-
oped using Oligo-Explorer (Gene Link) and FastPCR
(Primer Digital) (Kalendar et al. 2009). Diagnostic muta-
tions were used for primer design following three gen-
eral criteria: first, the last nucleotide at the 3′ primer-end
must be complementary to the diagnostic mutation; sec-
ond, the second-last nucleotide should be not comple-
mentary to the target sequence in order to establish a
mismatch of two nucleotides if paired with nontarget
sequences, which causes a detachment from the target
DNA (Mugue et al. 2008); third, primers were chosen so
that different species would differ in PCR product size
and could be easily distinguishable on 2% agarose gel.
All primer pairs were optimized and checked against
target and nontarget species in uniplex reactions for a
total of 702 animals. Validation experiments were per-
formed independently in two laboratories located in Italy
and Russia, respectively. The same PCR conditions
reported above were used for all primer pairs to facilitate
multiplexing.
Development of Vimentin marker
With the original aim of developing a marker to investi-
gate a supposed ancient introgression of A. baerii into
A. gueldenstaedtii in the Caspian Sea (Mugue et al. 2008)
(thus expected to be absent in A. gueldenstaedtii from
Azov Sea), a second nuclear marker (Vimentin) was anal-
ysed. The Vimentin sequence of A. baerii (AJ493266) was
aligned to the Danio rerio sequence (NP_57194), and
exon–intron boundaries were predicted. The primer
pairs AbVim_F (5′GTCTACAATGAATCGGCAGTCG
TC3′) and AbVim_R (5′TCCCCAAGGTTGTCTCGGTC
TAC3′) were designed to amplify the first coding exon.
PCR products were amplified from one A. baerii, three
A. gueldenstaedtii (Azov and Caspian Seas) and two
A. persicus individuals, ligated in P-GEM-T Easy Vector
(Promega) and cloned in Escherichia coli. A multi-align-
ment was generated using all sequences obtained, and
polymorphisms were identified. One primer pair consist-
ing of Bae154B7F (5′TCCAGGGTTTCCTACACCAGCC
AAT3′) and Bae154B7R (5′CCACCCTCGCCTTTTCGT
TGGTTTG3′) was designed to amplify alleles present in
A. baerii, but rarely found in A. gueldenstaedtii individu-
als from Azov. The criteria for selective primer construc-
tion were the same as for RP1 with the reverse primer
designed on the selected SNP. The expected amplifica-
tion product is 373 bp long.
Vimentin mix reactions were the same as reported for
RP1 with MgCl2 increased to 2.5 mM. Amplifications
were performed with the following cycle: 2 min of dena-
turation at 94 °C, 30 cycles at 94 °C for 15 s, 61 °C for
30 s and 72 °C for 30 s, followed by a 10-min extension
at 72 °C. As in RP1, Vimentin was validated indepen-
dently in two laboratories.
Hybrid detection tools
In the case of Bester, the paternal contribution was iden-
tified using primer RutBae_RP1F designed for Siberian
(A. baerii) and Sterlet (A. ruthenus) sturgeons in combina-
tion with the reverse primer specific for RP1-Locus A
(RP1_LocusA_R). This amplification was multiplexed
with the positive amplification control following the
same thermal cycle as for the uniplex-PCR. In the multi-
plex reaction, 0.25 lM of each primer forward and 0.5 lM
of the reverse primer were used. The maternal contribu-
tion was identified by mitochondrial (mtDNA) DNA
analysis following Mugue et al. (2008).
In the case of AL, the paternal (A. baerii) contribution
was identified using the primer pair Bae154B7F/
Bae154B7F for Vimentin. The maternal (A. naccarii) con-
tribution was identified using the primer pair
Nac_RP1F/NacFul_RP1R. The maternal contribution can
be confirmed by analysis of the mitochondrial control
region and comparison with the full list of existing hapl-
otypes identified for A. naccarii (GenBank Accession nos
KF771109–KF771115) (Congiu et al. 2011), with an addi-
tional haplotype referred to a putative case of sequence
heteroplasmy.
Estimation of hybrid detection power
While for pure species, the expected identification power
of the markers is directly inferred from the percentages
observed in the validation experiments, the expected
power in the case of hybrids depends on the probability
that the diagnostic marker for the corresponding pater-
nal species is inherited, which depends on its frequency
and on the ploidy level. Dealing with dominant biallelic
markers (presence/absence of a given band), the allelic
frequencies of the ‘absence’ alleles can be estimated, in
pure species, from the frequencies of the complete homo-
zygous genotypes (e.g. individuals not presenting the
amplification product) by applying the square root for
diploids (for tetraploids, the fourth root should be
applied). By doing this, we accepted the error given by
the assumption of Hardy–Weinberg equilibrium in sam-
ples composed by individuals from different geographi-
cal areas. Based on allelic frequencies and taking into
© 2013 John Wiley & Sons Ltd
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account that hybrids may inherit one or two paternal
chromosomes (in diploids and tetraploids, respectively),
we estimated the identification power as the proportion
of hybrids expected to have inherited at least one copy of
the ‘presence’ allele from the paternal species.
Results
RP1 characterization
Amplification of the RP1 by universal primers resulted
in two bands for each individual distinguishable on aga-
rose gel, of around 950 and 700 bp, respectively. After
cloning of the PCR products, sequencing and cluster
analysis showed 3 groups of sequences, A, B and C (Figs
S1 and S2). The highest band on the agarose gel corre-
sponded to the group B, while groups A and C presented
the same size, but were characterized by different inser-
tions/deletions as shown in Fig. S1.
The presence of at least one sequence per group in
each individual suggests the existence of 3 different loci
(A, B and C in Fig. S2). All subsequent analyses were
focused on the characterization of locus A. To selectively
amplify this group of sequences, a new locus A-specific
reverse primer was designed (RP1_LocusA_R) to be used
in combination with the universal primer (S7RPEX1F). A
maximum of four different alleles for tetraploid species
and two alleles for diploid species were observed, which
points to the selective amplification of a single locus. A
multi-species alignment of 583 bp was obtained includ-
ing over 150 different sequences obtained from 11 spe-
cies. A simplified alignment of one sequence per species
is reported in Fig. S3.
Species-specific primers set and test validation
Diagnostic species-specific SNPs were detected for five
species (Acipenser naccarii, A. fulvescens, A. stellatus,
A. sinensis, A. transmontanus), in addition to a 10 bp dele-
tion shared by Acipenser baerii and A. ruthenus (Table 1).
On the basis of the diagnostic polymorphisms found, a
panel of primers for species identification was designed.
Primer combinations, species identified and expected
band size are detailed in Table 2. Additionally, a com-
mon primer for all sturgeon species studied to be used as
positive control (pc_RP1F) was designed on the basis of
a conserved region shared by all individuals sequenced.
No specific SNPs were identified for Acipenser gue-
ldenstaedtii, A. persicus and Huso huso although nine spe-
cific polymorphisms were detected for Acipenser sturio
(Table 1 and Fig. S3; A. sturio not studied further here).
A 100% identification success was obtained for the pri-
mer pairs designed to amplifyA. naccarii (66 of 66 individ-
uals), A. fulvescens (26/26), A. sinensis (13/13), A. stellatus
(46/46) and A. transmontanus (16/16) (Table 3). For each
of these five specific primer pairs, no amplification was
observed for any of the nontarget species after a rigorous
examination of (on average) 215 individuals: A. naccarii (0
amplifications of 306 individuals of nontarget species
tested), A. fulvescens (0/178), A. sinensis (0/191), A. stella-
tus (0/204) and A. transmontanus (0/198). For the primer
pair designed for A. ruthenus/A. baerii on the basis of the
shared 10 bp deletion, the identification success was
67.6% (171 of 253 individuals). The efficiency was 96% for
A. ruthenus (48/50) and 60.6% for A. baerii (123/203). This
incomplete efficiency was unpredicted from the reference
sequence data, but was confirmed a posteriori after
Table 1 Diagnostic single nucleotide polymorphisms (SNPs) for species identification (in bold)
Nucleotide position (bp)
Species 62 75 83 112 126 172 204 223 353 364 400 406 427 430 439 470 532 542
Acipenser fulvescens T G T C C T T T G C G G C G G A G T
A. naccarii * T * * * * * * * T * * * * * C * *
A. transmontanus * * * * * * C * * * * * * * * C * G
A. sinensis C * * * * * * * * * * * * * * C * G
A. stellatus * * * * A * * * * * * A * * * C * G
A. ruthenus * * * * * * * * * * * A (–)10 – * C * G
Huso huso * * * * * * * * * * * A * * * C * G
A. baerii * * * * * * * * * * * A (–)10 – * C * G
A. gueldenstaedtii * * * * * * * * * * * A * * * C * G
A. persicus * * * * * * * * * * * A * * * C * G
A. sturio * * C T * C * (–)5 * * T A * A A T C G
A. schrenckii * * * * * * * * (–)20 – * A * * * C * G
Huso dauricus * * * * * * * * (–)20 – * A * * * C * G
SNPs shaded in grey were further selected for primer design. Numbers associated with each SNP refer to the nucleotide position in the
multi-species alignment (Fig. S3). The symbol (–)n indicates a deletion of n bases.
© 2013 John Wiley & Sons Ltd
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sequencing the animals that gave unexpected results.
Considering nontarget species, positive amplifications
were observed in only 2.3% A. gueldenstaedtii (6/258) and
27.1%A. persicus (13/48).
An extra primer was designed to specifically amplify
Kaluga sturgeon (Huso dauricus) and Amur sturgeon (Aci-
penser schrenckii) on the basis of a common shared 20 bp
deletion (Tables 1 and 2 and Fig. S3). Although results are
preliminary due to the low number of individuals tested
and need further validation, a 100% positive amplification
was obtained for both species (10/10A. schrenckii and 10/
10H. dauricus), while no amplification was observed in 90
individuals of nine nontarget species (Table 3). Note that
primer pc_RP1F designed as positive control for sturgeon
species does not work for H. dauricus and A. schrenckii
due to a deletion in the region in which the primer was
designed that prevents annealing (Fig. S3).
Finally, the Vimentin primer tested on A. baerii and
A. gueldenstaedtii individuals collected from Azov Sea
showed that 44 of 56 A. baerii (78%) and 1 of 48 A. gue-
ldenstaedtii (2%) resulted positive to the amplification of
the expected band of 373 bp. On the contrary, A. gue-
ldenstaedtii from Caspian Sea yielded positive amplifica-
tion from 18 of 48 individuals, limiting the possibility to
use this marker for the identification between Russian
and Siberian sturgeon only to individuals from Azov
Sea. With regard to the other species, no amplification
was observed in A. naccarii (0/45), A. fulvescens (0/8),
A. sinensis (0/8), A. transmontanus (0/8), A. ruthenus (0/
8), A. schrenckii (0/8) and H. dauricus (0/8). However,
positive amplifications were observed in A. stellatus (7/
8), H. huso (8/8) and A. persicus (16/48).
Assays for hybrid identification
Bester (H. huso female 9 A. ruthenus male) and AL
(A. naccarii female 9 A. baerii male) hybrids were
identified using a combination of RP1 and mtDNA,
supplemented in the case of AL with a second nuclear
gene (Vimentin).
In the Bester identification (Fig. 2), the RP1 assay is
able to distinguish Bester (two bands of 169 and 306 bp)
from H. huso (one single band of 306 bp), but not from
A. ruthenus (same two bands as Bester). However, Bester
and A. ruthenus can be distinguished by mtDNA analy-
sis, because Bester presents a 374 bp band and A. ruthe-
nus presents an exclusive 190 bp band. The expected
detection power for Bester based on the estimated allele
frequencies is 80%. As A. ruthenus is a diploid species
(Fontana et al. 2007), only one chromosome of this spe-
cies is inherited by the hybrid; thus, the frequency of the
band expected in Bester corresponds to the ‘presence’
allele frequency in A. ruthenus. In the validation test,
observed results were similar to expectations and 53 of
71 (74.6%) Bester samples were correctly identified using
the combined mtDNA and RP1 approach. The unde-
tected hybrids (25.4%) presented the typical pattern of
H. huso individuals, missing the A. ruthenus-specific
band of 169 bp for RP1.
With regard to AL, a hybrid between Adriatic sturgeon
(A. naccarii) females and Siberian sturgeon (A. baerii)
males, the identification power is given by the application
of RP1, totally effective in detecting the A. naccarii contri-
bution, which is supplemented by the Vimentin marker
for the identification of the A. baerii contribution (Fig. 2).
As all AL commercialized worldwide have been produced
in a single Italian hatchery by crossing Adriatic sturgeon
females with the males of a limited stock of Siberian
sturgeons, the expected power of AL detection directly
depends on the percentage of correct identification on this
paternal stock. The Vimentin marker amplification per-
formed on all the 51 pure Siberian sturgeons composing
the above stock yielded a clear band of the expected size
from all individuals. Consequently, also the expected
detection power on AL hybrids is 100%. In fact, in the AL
identification (Fig. 2), the RP1 assay can distinguish
Table 2 Details of primers designed for sturgeon species identification including sequence, primer pairing, expected PCR product size
and target species
Primer Sequence Used with bp Specificity
Reverse
NacFul_RP1R ACACGAGTTCCGATTTTATTATA Acipenser naccarii; A. fulvescens
SinTran_RP1R GGTCTGTAACACAGGTAATTATC A. sinensis; A. transmontanus
Forward
Nac_RP1F GCCAATTTCAAAGTGTATTTGATT NacFul_RP1R 227 A. naccarii
Ful_RP1F CAGTGATCTGATTTTTAAGTAAAAAAG NacFul_RP1R 521 A. fulvescens
Ste_RP1F TGTCACCTTTCAAATTTGGTA RP1_LocusA_R 479 A. stellatus
RutBae_RP1F TTACATTAATTACCTGTGTTACAGATAG RP1_LocusA_R 169 A. ruthenus; A. baerii
Sin_RP1F GGAATTTTACAGTGATCTGATTAC SinTran_RP1R 386 A. sinensis
Tran_RP1F TGTGAAATTTAGATGATTTTAGTGC SinTran_RP1R 246 A. transmontanus
SchDau_RP1F GCCCATTTCAAAATGTATTGGGG RP1_LocusA_R 223 A. schreckii; Huso dauricus
pc_RP1F TGCAGGTAGTTATAAATAATTACTCTGC RP1_LocusA_R 309 Positive control
© 2013 John Wiley & Sons Ltd
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A. naccarii (two bands of 227 and 306 bp) from A. baerii
(single 306 bp), but AL hybrids present the same two
bands as A. naccarii. AL and A. naccarii can be distin-
guished using Vimentin, with AL presenting a single
373 bp band, while no band is amplified in A. naccarii.
Validation was performed on 20 AL individuals. All indi-
viduals presented the two RP1 bands at 227 and 306 bp,
respectively, plus the 373 bp Vimentin band, confirming
their hybrid status. As a final step, the maternal A. naccarii
contribution can be confirmed by mitochondrial control
region analysis and comparison with the seven existing
A. naccarii haplotypes.
Finally, we estimated the expected probability of cor-
rect hybrid detection for other hybrids not experimen-
tally validated in our study, based on the positive and
negative identification of target and nontarget species in
the validation tests using RP1. Hybrids between species
for which no specific polymorphism was detected are
not distinguishable, such as the ones between A. baerii
and A. gueldenstaedtii observed in the Volga River (Jen-
neckens et al. 2000) and of increasing interest for aqua-
culture (Ludwig 2008).
For all hybrids with A. naccarii, A. fulvescens, A. stella-
tus, A. sinensis or A. transmontanus as paternal species, a
100% identification success is expected. A 80% success is
expected for those hybrids with A. ruthenus as paternal
species. Although results are preliminary and need to be
validated in more individuals, a 100% identification suc-
cess is also expected for those hybrids obtained by cross-
ing either A. schrenckii or H. dauricus.
Discussion
New DNA markers for sturgeon identification
We present a new molecular marker for fast, inexpensive
and reliable identification of sturgeon species and
hybrids, which represents a major step in the develop-
ment of a standardized protocol for identifying illegal
trade of sturgeon caviar and derivates. The method is
based on simple PCR amplification of a single locus
nuclear marker (RP1), the first intron of the RPS7 gene,
which has traditionally been used for detecting polymor-
phisms at the intraspecific level due to its high mutation
rate (e.g. atherinids) (Francisco et al. 2008). In sturgeons,
the retention of species-specific SNPs can be attributable
to their slowed evolutionary rate (Krieger & Fuerst 2002),
predicted on the basis of particular life history traits (e.g.
long generation time, large body size, ectotherm, late
sexual maturation, low metabolic rate) and molecular
data (i.e. limited karyotype and genetic differentiation).
‘The approach here proposed is based on SNP-specific
primers and is rapid, cheap and suitable for all laborato-
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genotyped following alternative approaches (e.g. pyrose-
quencing) that are less sensitive to DNA quality and
become especially convenient in the case of high num-
bers of samples’.
In regards to pure species identification, besides full
identification power for Acipenser fulvescens, A. sinensis,
A. transmontanus and A. stellatus, we present for the first
time a molecular tool to distinguish the Adriatic stur-
geon with 100% accuracy. Until now, Acipenser naccarii
was indistinguishable from the rest of species of the ‘gue-
ldenstaedtii complex’ (Acipenser gueldenstaedtii, A. baerii
and A. persicus) using the mitochondrial cytochrome b
and D-loop (Birstein et al. 2000). The complete reliability
of the A. naccarii identification by both mtDNA and RP1
is guaranteed by the fact that all A. naccarii available
worldwide descend from the stock analysed in our study
(Congiu et al. 2011), allowing the complete description of
all existing mitochondrial haplotypes. The Adriatic stur-
geon is considered to be possibly extinct in nature, its
persistence being strictly linked to the ex situ conserva-
tion of a single captive broodstock of 43 animals cur-
rently decimated to 13 individuals that represent the last
remaining population of Adriatic sturgeon of certain
wild origin (Congiu et al. 2011). Following the successful
reproduction in captivity of the original F0 stock, all the
Adriatic sturgeons reared worldwide for aquaculture
purposes are F1 groups that directly descend from this
limited stock. As all A. naccarii specimens used in the
present study are either F0 individuals or F1 broodstock
from the original stock, we can expect 100% reliability in
correctly identifying A. naccarii.
The variability at the RP1 locus was only partially
explored in our study. For example, several specific SNPs
were available for Acipenser sturio, but primers were not
developed because this species is not traded or reared for
commercial purposes. It is reasonable to expect diagnos-
tic SNPs for its sister species Acipenser oxyrinchus, which
is the subject of re-introduction in Europe (Ludwig et al.
2008), but for which samples were not available. Limited
sample availability was also an issue in the case of Huso
dauricus and Acipenser schrenckii, and we only conducted
a preliminary analysis. Further samples are needed for
validation, but if the 100% of identification power of the
RP1 primer is confirmed, it would represent the first
reliable nuclear marker to distinguish these two commer-
cially important sturgeon species from all others.
First molecular marker for hybrid identification
Besides species identification, one fundamental applica-
tion of the RP1 and Vimentin markers is hybrid identifi-
cation, significantly improving the identification power
for Bester (from 0% to 80%) and AL (from 0% to 100%)
and providing the tools to identify many other hybrids.
Bester is the most important hybrid in the world from
a commercial point of view, produced by crossing
Beluga (Huso huso) females and Sterlet (Acipenser ruthe-
nus) males. The maternal species produces one of the
most valuable caviar in the world known as Beluga,
which is not distinguishable from Bester hybrid caviar
using only the maternally inherited mtDNA, as both are
produced by H. huso females. However, by combining
mtDNA and RP1 analysis, we increased the identifica-
tion success of Bester hybrids from 0% to 80%. Moreover,
the possibility to analyse bester caviar obtained from
unrelated females can significantly increase the probabil-
ity of detecting the Sterlet paternal contribution in at
least one of them. With only two or three available
females, the detection power increases to 96% and 99.2%,
respectively. The RP1 primer used for A. ruthenus detec-
tion also yields a band of the same size in 60.6% of Sibe-
rian sturgeons (A. baerii) as expected and in a very low
fraction of A. gueldenstaedtii/persicus (6.15%). However,
with regard to Bester caviar identification, this is not rel-
evant because both A. baerii and A. gueldenstaedtii/persi-
cus are not crossed with H. huso for hybrid caviar
production due to different ploidy levels (Fain et al.
2013). The cooccurrence of the above band in A. ruthenus
and A. baerii also makes their hybrids not identifiable.
Again, the different ploidy level makes these hybrids,
recently observed in the Danube River (Ludwig et al.
2009), not interesting for caviar production.
AL is another hybrid intensively produced for both
caviar and meat production due to its high nutritional
value (Vaccaro et al. 2005), resulting from crossing Adri-
atic sturgeon (A. naccarii) females and Siberian sturgeon
(A. baerii) males. Our approach combining RP1,
Vimentin and mtDNA is the first tool that allows the
BESTER identification AL identification
BESTER ALHuso huso














Fig. 2 Expected band patterns for Bester
and AL hybrid identification using RP1
and mtDNA (Bester) and RP1 and Vimen-
tin (AL).
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recognition of a hybrid between two of the most difficult
species to identify, both included in the ‘Gueldenstaedtii
complex’ (Knapp et al. 2006; Ludwig 2008). In this case,
the identification success increased from 0% to 100%.
One caveat of using the Vimentin gene is its positive
amplification in other sturgeon species including
H. huso, A. stellatus and some populations of A. gue-
ldenstaedtii. However, these species are not successfully
hybridized with A. naccarii females for caviar production
and do not interfere with AL identification. In any case,
we suggest the use of Vimentin only when both mtDNA
and RP1 have previously shown to be positive for A. nac-
carii.
Other newly produced hybrids involving A. naccarii
as parental species have shown up recently in interna-
tional trade and can be potentially identified using the
RP1 marker and mtDNA with a 100% accuracy. This is
the case of GUNA hybrids, obtained by crossing Russian
sturgeon (A. gueldenstaedtii) females and Adriatic stur-
geon (A. naccarii) males. Similarly, in the case of ADAM
hybrids, obtained in Italy by crossing Adriatic sturgeon
(A. naccarii) females with aquaculture-produced white
sturgeon (A. transmontanus), a 100% identification accu-
racy is expected using RP1. Furthermore, any additional
hybrids produced using A. naccarii, A. fulvescens, A. stell-
atus, A. sinensis or A. transmontanus as paternal species
could also be potentially identified with a 100% identifi-
cation power with the species-specific RP1 markers
developed in our study, supplemented by mtDNA. For
example, in a previous conservation study, some animals
with A. transmontanus mitochondrial haplotypes were
detected in a A. naccarii ex situ brood-stock reared for
conservation purposes. These animals, hypothesized to
be hybrids with the Adriatic sturgeon based on microsat-
ellite information (Congiu et al. 2001), could have been
unambiguously identified with RP1.
A molecular approach to regulate legal trade and combat
fraudulent caviar trade
The development of a new molecular approach for the
identification of pure sturgeon species and hybrids of the
most commercially important species in Europe and
North America based on diagnostic polymorphisms in
the RPS7 gene ultimately offers new opportunities to reg-
ulate and control the international legal and illegal trade
in caviar. Since the inclusion of all sturgeon species in the
appendices of CITES, a number of conservation measures
have been put in place to improve law enforcement of
caviar trade. Despite these efforts, mislabelling of caviar
products is common, and it is frequent to find low-value
farmed caviar being sold as top-quality farmed caviar of
hybrid origin (Knapp et al. 2006). It is thus essential for
custom officials and trade authorities to have access to an
accurate and reliable method of authenticating the caviar
labelling system. The RP1 method allows for the identifi-
cation of the source of caviar to assess the validity of the
product label. Importantly, the method enables not only
the identification of caviar at the species level but for the
discovery of hybrid species, which have proven to be
unidentifiable using other DNA-based methods. Our
new molecular approach, based on the concordance
between mtDNA and nuclear markers, is already
suitable for law enforcement.
The expanding criminal caviar trade is a serious
threat to the survival of wild sturgeon populations,
diminishes the effectiveness of management and conser-
vation programmes, undermines legal trade and threat-
ens the sustainable production of caviar. Hence, the
introduction of RP1 as a suitable marker for the identifi-
cation of pure species and hybrids is not only useful to
certify and corroborate the correct labelling of legal cav-
iar by authorized producers, processors and traders, but
will also have a strong dissuasive effect against fraudu-
lent activity and could be a valuable support to conserva-
tion programmes in which the purity of the species is an
essential prerequisite. Improving the control and moni-
toring of caviar trade will ensure its sustainability and
will be the first step towards the rescue and safeguard of
this group of threatened species.
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Table  S1.  Sampling  details  of  all  individuals  and  species  used  for  sequencing  and  RP1-­‐primer  
design  and  validation.  U.G.O.=  unknown  geographical  origin.    
Species   Sample  origin  
Individuals  used  
for  sequencing  
Individuals  used  for  
primer  validation  
A.  baerii   Lena  river  (Russian)   6   189  
   Lake  Baikal  (Siberia,  Russian)   8   5  
   Kď͛ƌŝǀĞƌ;^ŝďĞƌŝĂ͕ZƵƐƐŝĂŶͿ   -­‐   10  
A.  gueldenstaedtii   VIP  (Northern  Italy  fish  farm)  ʹU.G.O.   4   -­‐  
   Azov  sea  (Eastern  Europe)   3   111  
   Caspian  sea   7   127  
   Volga  river  (Europe  and  Russian)   6   -­‐  
A.  persicus   Caspian  sea   3   48  
A.  ruthenus   VIP  (Northern  Italy  fish  farm)-­‐  U.G.O.   5   -­‐  
   Danube  river  (Central  Europe)   4   8  
   Fishery  Research  Institute,  Wollershof  ,  (Germany)-­‐  
U.G.O.  
1   -­‐  
   U.G.O.   -­‐   32  
A.  transmontanus   VIP  (Northern  Italy  fish  farm)-­‐  U.G.O.   2   4  
   North  America     8   2  
A.  naccarii   Po  River  (Italy)   4   -­‐  
   VIP  (Northern  Italy  fish  farm)  ʹ  U.G.O.   2   45  
   Buna  river  (Bosnia  and  Herzegovina)   -­‐   10  
   U.G.O.   -­‐   5  
A.  fulvescens   Little  wolf  river  (Wisconsin)   2   2  
   Wolf  river  (Wisconsin)   2   3  
   Lake  Winnebago  (Wisconsin)   2   -­‐  
   Embarrass  river  (Wisconsin)   1   3  
   Bad  river  (Wisconsin)   1   -­‐  
   North  America  -­‐  U.G.O.   2   -­‐  
   Upper  Fox  river  (Wisconsin)   -­‐   8  
A.  sinensis   Yangtze  river  (China)   3   10  
A.  stellatus   Danube  River  (Romania)   8   3  
   USSR   1   -­‐  
   Kazakhstan   1   -­‐  
   Iran   1   -­‐  
   Romania   1   -­‐  
   U.G.O.      23  
   U.G.O.      8  
A.  sturio   Gironde  River  (France)   2   -­‐  
H.  huso   VIP  (Northern  Italy  fish  farm)  ʹ  U.G.O.   4   3  
   German   1   -­‐  
   Fishery  Research  Institute,  Wollershof  ,  (Germany)-­‐  
U.G.O.  
1   -­‐  
   Kazakhstan   1   -­‐  
   Iran   1   -­‐  
   Romania   -­‐   1  
   U.G.O.   -­‐   26  
A.  schrenckii   Yangtze  River  Fisheries  Research  Institute  -­‐  China   2   8  
H.  dauricus   Yangtze  River  Fisheries  Research  Institute  -­‐  China   2   8  
   TOTALE   102   702  
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Figure  S1.  Schematic  view  of  the  three  groups  of  RP1  sequences  (A,  B  and  C)  obtained  after  
amplification   with   universal   primers   for   fishes   (S7RPEX1F   and   S7RPEX1R).   Black   bars  
represent   the   distinctive   deletions   for   each   group.   Nucleotide   positions   refer   to   the  
alignment  of  all  sequences.    
  
  Figure   S2.   Phylogenetic  
tree   constructed   with   all  
RP1   sequences   obtained   in  
a   total   of   three   individuals  
of   A.   gueldenstaedtii,   A.  
transmontanus  and  H.  huso.  
The  UPGMA  cluster  analysis  
supports   the   presence   of  
three  different  loci  (A=  blue,  
B=   green   and   C=   red).  
Boostrap   was   performed  
with   1,000   replications.  
Alignment   available   on  
DRYAD   entry  
doi:10.5061/dryad.t3jd5  
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Figure  S3.  Multi-­‐species  alignment  of  (Locus  A)  RP1,  including  one  consensus  sequence  per  
species.  Regions  in  which  primers  were  designed  are  shaded  in  grey.  Diagnostic  nucleotides  
ĂƚƚŚĞϯ͛ƉƌŝŵĞƌ-­‐end  are  underlined.  Additional  diagnostic  positions  for  one  or  two  species  
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The   need   for   genetic   support   in   restocking   activities   and   ex   situ  
conservation   programs:   the   case   of   the   Adriatic   sturgeon   in   the  
Ticino  River  Park.  
By  E.  Boscari1  and  L.  Congiu1  
1Department  of  Biology,  University  of  Padova,  Via  Ugo  Bassi  58/b,  35121  Padova,  Italy  
elisa.boscari@gmail.com  
Summary  
The  Adriatic  Sturgeon  (Acipenser  naccarii),  endemism  of  the  North  Adriatic  region,  was  recently  reclassified  by  
IUCN  as  Critically  Endangered  and  possibly  extinct  in  the  wild  since  no  natural  spawning  has  been  recorded  in  
the   last   20   years.   Its   persistence   relies   on   restocking   activities   starting   from   a   single   captive   broodstock  
collected   in   the   1970s   in   a   private   aquaculture   plant   (VIP)   and   currently   decimated   to   13   individuals.   Few  
alternative  brood-­‐stocks  of  F1  animals  have  been  retained  to  be  used  in  a  near  future.  So  far,  future  breeders,  
as  well  as  all  stocks  released   in  the  wild,  have  been  randomly  chosen  disregarding  their  genetic  composition.  
The  consequences  of  conducting  breeding  programs  without  a  genetic  input  was  evaluated  in  the  Ticino  River  
Park  (TRP)  in  Italy.  A  parental  allocation  procedure  based  on  microsatellite  markers  useful  for  tetraploids  was  
used   following  a  Band-­‐Sharing  approach.   Levels  of   relatedness  within   the  TRP  F1   captive  breeders   (Stock_1)  
and  among  animals  released  by  TRP  in  the  past  (Stock_2)  were  explored  and  compared  with  the  stock  of  wild  
origin.  The  dramatic  decrease  in  genetic  diversity  observed  in  the  sample  analyzed  strongly  suggests  the  need  
of  a   complete   reorganization  and  coordination  of   the  conservation  efforts  conducted  on   this   species,  paying  
special   attention   to   the   long   term   preservation   of   the   available   genetic   diversity.  We   also   identify   the   only  
potentially  suitable  stock  of  F1  animals  that  should  be  used  as  source  of  future  breeders.    
  
Introduction  
Captive   breeding   represents   the   last   chance   of  
survival  for  species  faced  with  imminent  extinction  
in  the  wild  (Russello  and  Amato  2004).  Maintaining  
the  offspring  of  wild  brood-­‐stock  until  maturity   in  
the  hatchery  as  future  captive  brood-­‐stock  (ex  situ  
conservation)   is   considered   a   potentially   useful  
strategy,   widely   applied   in   the   last   decades.   In   a  
correct   strategy   proposed   for   conservation  
management   of   threatened   species,   every   ex   situ  
population   must   be   genetically   investigated   to  
determine   if   it   is   a   representative   sample   of   the  
available   genetic   diversity   (Russello   and   Amato  
2004;  Doukakis  et  al.  2009;  Theodorou  and  Couvet  
2010;   Christie  et   al.   2012)   and  managed  with   the  
aim   of   maximizing   its   adaptive   success   after  
release   (Kozfkay   et   al.   2008)   in   adequate   target  
environments.  
Some  past   sturgeon   rehabilitation   programs  were  
conducted  without  adequate  genetic  management  
plan,   employing   a   limited   number   of   breeders   in  
restoration   activities   of   declining   populations  
(Hayes   et   al.   2006;   Doukakis   et   al.   2009)   with   a  
potential  detrimental  effect  on  the  residual  genetic  
diversity  of  remnant  wild  stocks.    
In   order   to   evaluate   the   consequences   of  
conducting  breeding  plans  without  a  genetic  input,  
we  present  the  case  of  the  Adriatic  sturgeon  in  the  
Ticino  River  Park  (TRP).  
The   tetraploid   Adriatic   sturgeon   (A.   naccarii)   has  
long  been  considered  as  a  highly  imperiled  species  
by   the   IUCN,   which   identified   sturgeons   as   the  
most   endangered   group   of   species   worldwide  
(Congiu   et   al.   2011;   Anders   et   al.   2011;   IUCN,  
2011).   According   to   a   recent   press   released   in  
2010,      85%  of   sturgeon  species  are  considered  on  
the   brink   of   extinction   in   the   Red   List   of  
Threatened   Species   (http://www.iucnredlist,org);  
moreover,   the   IUCN   has   recently   reclassified   A.  
naccarii   from   Vulnerable   to   Critically   Endangered  
and   possibly   extinct   in   the   wild   since   no   natural  
spawning   has   been   recorded   in   the   last   20   years  
(Congiu  et  al.  2011).    
The  last  remaining  population  of  Adriatic  sturgeon  
of   certain   wild   origin   (more   or   less   50   individuals  
named  F0)   is  maintained  in  captivity  since  1977   in  
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ƚŚĞ ƉƌŝǀĂƚĞ ƉůĂŶƚ ͞VIP͟ ůŽĐĂƚĞĚ ŝŶ EŽƌƚŚĞƌŶ /ƚĂůǇ͕
thanks   to   owners   Giacinto   Giovannini   and   sons  
(Congiu   et   al.   2011).   In   1988   the   first   captive  
reproduction  was  successful  at  the  VIP  plant.  Since  
then   several   F1   stocks   have   been   retained   by  VIP  
and   purchased   by   different   local   administrations  
with   the   aim   of   establishing   future   brood-­‐stocks  
composed  by  F1   individuals.  The  parental  stock  of  
wild  origin  is  today  decimated  to  13  individuals  due  
to  senescence.  To  date,  all  individuals  of  A.  naccarii  
reared  in  Europe  directly  descend  from  the  limited  
parental   stock   genetically   characterized   in   Congiu  
et  al.   (2011).  However,   it   is  possible  that  some  F0  
individuals  used  during  the  first  years  for  crossings  
died   before   being   sampled   for   genetic  
characterization,   consequently,   information   on  
genetic   variability   of   this   wild   stock   might   be  
incomplete  (Congiu  et  al.  2011).  
The   aim   of   the   present   study   is   the  
characterization   of   genetic   diversity   in   two   stocks  
(one   captive   and   one   released)   involved   in   the  
conservation   activities   of   the   landlocked   Adriatic  
sturgeon   population   of   the   Ticino   River,   mainly  
conducted   by   the   TRP.   The   first   one   (Stock_1),  
originally   acquired   from   VIP   by   the   Province   of  
Piacenza,   is   now   reared   in   captivity   by   TRP   as  
potential   brood-­‐stock.      The   second   (Stock_2)   was  
purchased   from   VIP   by   TRP   and   released   in   the  
Ticino   River   as   part   of   past   restocking   activities.  
The   choice   of   animals   composing   the   two   above  
stocks  was  performed  without  any  genetic  support.  
In  order   to  assess   the  effects  of   random  selection  
of   animals   on   stock   genetic   variation,   we  
genotyped  all  individuals  at  mitochondrial  DNA  and  
at   7   microsatellite   loci   and   compared   them   with  
the  parental  stock  already  analyzed  in  Congiu  et  al  
(2011).   Relatedness   among   individuals   was  
assessed   when   possible   through   parental  
allocation  of  each  animal  to  the  respective  parental  
pair   or,   alternatively,   analyzing   the   distribution   of  
pairwise  genetic  distances.  
The   scenario   here   presented   and   discussed   raises  
some   cues   to   be   developed   for   the   ex   situ  
conservation   of   A.   naccarii,   providing   important  
information   for   the   correct   management   of   the  
captive   stocks   of   this   species,   in   accordance  with  
the  guidelines  provided  by  FAO  (2011).  
  
  
Materials  and  Method  
Sampling   collection   and   laboratory  
procedures  
Two   F1   stocks   of   Adriatic   sturgeon,   obtained   by  
unrecorded   artificial   reproductions   using   the  
parental  stock  (F0),  were  obtained  from  the  Ticino  
River  Park  (Italy).      
A   total   of   137   F1   individuals   of   potential   future  
breeders   (Stock_1)   and   a   total   of   116   F1   animals  
(Stock_1),   a   sub-­‐set   of   the   stock   released   in   the  
Ticino   River   immediately   after   sampling,   were  
analyzed.    
Genomic  DNA  was  extracted  from  fin  clips  (10-­‐100  
mg)  using  the  DNA  Easy  Tissue  Extraction  Mini  Kit  
(Euroclone)  and  stored  at  -­‐4°C.  
The   entire   mitochondrial   control   region   was  
amplified   using   Pro1F   ʹ   Phe1R   primer   pair  
following  the  experimental  conditions  described  in  
Congiu   et   al.   (2011).   Following   enzymatic  
purification   with   ExoSAP-­‐ITTM   (Usb),   sequencing  
reactions   were   performed   using   an   ABI  
Prism3730XL   automatic   sequencer   (BMR  
Genomics).  
All  F1  individuals  were  genotyped  at  a  sub-­‐set  of  7  
microsatellite   loci   (LS-­‐39,   AnacE4,   AnacC11,  
AnacA6,   An20,   AoxD234   and   AoxD64)   selected  
among   the   24   loci   genotyped   during   the   parental  
characterization   (Congiu   et   al.   2011).   In   cases   of  
allocation   to   more   than   one   parent   pair   (multi  
allocated   individuals),   the   number   of   loci  
genotyped  was  increased  up  to  10  (An16,  AoxD241  
and   AoxD161).   Microsatellite   loci   were   amplified  
following   the   conditions   reported   in   the   original  
references  (Table  1).  
Data  analysis  
Mitochondrial   DNA   sequences  were   aligned   using  
ClustalW   in   MEGA5.   A   haplotype   network   was  
constructed   using   the   statistical   parsimony  
approach   of   Templeton   et   al.   (1992)   using   TCS   v.  
1.13  (Clemetnt  et  al.  2000).  
For   F0   and   F1   stocks,   genetic   diversity   was  
measured  using  haplotype  and  nucleotide  diversity  
estimated   from   number   of   segregating   sites   and  
mean  number  of  pairwise  differences  using  DnaSP  
software  v.  5  (Librado  and  Rozas,  2009).  
Scoring  of  microsatellite   loci  was   conducted  using  
the   GeneMarker   software   version   1.95   (Soft  
Genetics   LLSR).   Analysis   of   nuclear   data   was  
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performed   by   a   phenotypic   approach   based   on  
Band-­‐Sharing   (BS)   proposed   by   Congiu   et   al.  
(2011).   Accordingly,   BS   between   individuals   was  
used   as   a   measure   of   similarity.   Pairwise   genetic  
distances   were   calculated   following   the   Sorenson  
distance   and   graphically   represented   by   Multi-­‐
Dimensional  Scaling  (MDS)  analysis    
using   STATISTICA   version   7.1   (StatSoft).   The  
allocation   procedure   was   performed   with   the  
method  proposed  by  Congiu  et  al.  (2011)  based  on  
phenotypic  multi-­‐locus  profiles.  
  
Diversity  indices  
Two  diversity   indices,  analogous  to  Gene  Diversity  
index,  were  developed  in  order  to  record  different  
aspects  of  familiar  heterogeneity.    
In  the  first  index  (Hf),  frequencies  of  the  families  in  
which  a  given  parent  was  involved  were  estimated  
as  follows:    
Hf  =  1  ʹ  ׫;Wi/F)
^2,  
  
where   Pi   is   the   number   of   families   having   the   i
th  
breeder   as   one   of   the   parents   and   F   is   total  
number  of  families  in  the  stock.  
The   Hf   index   represents   the   heterogeneity  
composition   of   a   sample   due   to   different   familiar  
groups   detected.   Given   a   stock   composed   by   F1  
animals   successfully   allocated   to   the   respective  
parents,   Hf   index   evaluates   how   many   parents  
were   crossed   to   produce   the   observed   familiar  
groups.   In   this   way,   the   higher   the   number   of  
families   or   the   number   of   breeders   involved   in  
their   constitution   the   higher   the   index,   ranging  
within  0  and  1.  In  the  case  of  samples  composed  by  
the  same  number  of  families,  Hf  decreases  if  some  
families   are   related   (half-­‐sibs).   However,   Hf   does  
not  weigh  for  the  number  of  individuals  composing  
each   family,   which   is   better   described   by   the  
second  index  (Bi).    
In   Bi,   the   frequencies   of   the   offspring   having   a  
given   breeder   as   a   parent   were   estimated   as  
follows:  
  
Bi  =  1-­‐  ׫;Ŷi/2N)
^2,  
  
where  ni   is   the  number  of  offspring   generated  by  
the   ith  breeder  and  N   is   the  number  of   individuals  
composing  the  stock.  Bi  index  also  ranges  between  
0   and   1.   This   value   is   less   sensitive   to   the  
relatedness  among  familiar  groups  but  is  weighted  
for  their  relative  abundance  (evenness).  
In   the   F0   stock,   the   indices   were   estimated  
assuming   that   each   individual   of   wild   origin   was  
unrelated,   thus   representing   the   only   component  
of  its  family.    
  
  
Locus   Motif   Size  (bp)   Species   Reference  
LS-­‐39   (GTT)10   116-­‐154   A.  fulvescens   May  et  al,  1997  
AnacE4   (CA)20   326-­‐354   A.  naccarii   Forlani  et  al,  2007  
AnacC11   (TCTA)12   167-­‐193   A.  naccarii   Forlani  et  al,  2007  
AnacA6   (CA)15   289-­‐313   A.  naccarii   Forlani  et  al,  2007  
An16*   (ATCT)24   171-­‐217   A.  naccarii   Zane  et  al,  2002  
An20   (ATCT)10(TG)5   159-­‐213   A.  naccarii   Zane  et  al,  2002  
AoxD234   (TAGA)17   215-­‐275   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King,  2002  
AoxD64   (TAGA)16   216-­‐252   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King,  2002  
AoxD241*   (TAGA)36   156-­‐198   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King,  2002  
AoxD161*   (CTAT)15   111-­‐155   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King,  2002  
  
Table  1.  List  of  microsatellite  loci  analyzed  in  the  two  F1  stocks  of  A.  naccarii  including  repeat  motif,  size  range,  
species   in   which  microsatellites   were   developed   and   reference.   *=   loci   genotyped   for   a   limited   number   of  
individuals  multi-­‐allocated.  
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Haplotypes	   1	   2	   3	   4	   5	   6	  
F0	  male	  (N	  =	  20)	   2	  (10%)	   3	  (15%)	   8	  (40%)	   -­‐	  (0%)	   4	  (20%)	   3	  (15%)	  
F0	  female	  (N	  =	  23)	   -­‐	  (0%)	   8	  (35%)	   5	  (22%)	   1	  (4%)	   8	  (35%)	   1	  (4%)	  
F1	  Stock_1	  (N	  =	  133*)	   -­‐	  (0%)	   103	  (77%)	   4	  (3%)	   26	  (20%)	   -­‐	  (0%)	   -­‐	  0	  (%)	  
F1	  Stock_2	  (N	  =	  116)	   -­‐	  (0%)	   48	  (41%)	   62	  (54%)	   -­‐	  (0%)	   6	  (5%)	   -­‐	  (0%)	  
  
Table  2.  list  of  number  and  percentage  of  individuals  with  different  haplotypes  for  F0  sample  (considering  male  
and   female   separately)   and   the   two   F1   stocks   for  which   the   individual   gender   is   unknown.   Percentages   are  
rounded.  *  The  four  individuals  with  haplotypes  different  than  A.  naccarii  were  not  considered.  
  
Sample	   N	   S	   Si	   H	   Hd	   ޳w	   ޳Ɏ	  
F0	   42	   12	   2	   6	   0.772	   0.004	   0.006	  
F0	  -­‐	  present	   13	   9	   0	   4	   0.744	   0.004	   0.006	  
F1	  Stock_1	   133*	   4	   0	   3	   0.364	   0.001	   0.001	  
F1	  Stock_2	   116	   9	   0	   3	   0.545	   0.002	   0.002	  
  
Table  3.  Diversity  indices  for  all  samples.  Number  of  individuals  (N),  number  of  segregating  site  (S),  number  of  
singletons  (Si),  number  of  haplotypes  (H),  haplotype  diversity  (Hd),  nucleotide  diversity  estimated  from  number  
of   segregating   sites   (੓w)  and  nucleotide  diversity  estimated   from  mean  number  of  pairwise  differencies   (੓ʋ)  
were  included  in  the  table.  *Individuals  with  allochthonous  haplotypes  were  discared  from  the  analysis.  
Results  
Mitochondrial  DNA  analyses  
The   parental   stock   showed   a  moderate   high   level  
of  genetic  variation  at  mitochondrial  control  region  
with   a   total   of   seven   haplotypes   characterized  
(GenBank   accession   numbers   KF771109   -­‐  
KF771115)   (Boscari   et   al.   2014).   These   seven  
haplotypes   represent   the   entire   variability   of   the  
mitochondrial   control   region   of   this   species   in  
captivity.    
The   number   and   percentage   of   wild   parents  
showing   the   different   haplotypes   are   reported   in  
table  2.  
Both   F1   stocks   showed   a   50%   decrease   in  
haplotype  diversity  (from  6  to  3  haplotypes  at  each  
sample);   number   and   percentages   of   individuals  
showing   the   different   haplotypes   are   reported   in  
Table  2.    Accordingly,  a  drop  in  nucleotide  diversity  
(Hd),  more  apparent   in   the  Stock_1,  was  observed  
for  both  samples  (Table  3).  
In   Stock_1,   4   out   of   137   individuals   presented  
haplotypes   of   other   sturgeon   species   than   A.  
naccarii.   A   Blast   research   revealed   that   two  
haplotypes   belong   to   White   sturgeon   (A.  
transmontanus;   ID  =  98-­‐99%)  while   the  other   two  
are   compatible   with   the   Russian   sturgeon   (A.  
gueldenstaedtii;   ID  =  99%).  These   individuals  were  
discarded  from  the  analysis  of  haplotype  diversity.  
  
Nuclear  DNA  and  parental  allocation  analysis  
For  both  stocks  analyzed  (NStock_1  =  137  and  NStock_2  
=   116),   table   4   summarizes   results   of   parental  
allocation   obtained   by   the   Band-­‐Sharing  
procedure.  In  the  case  of  multi-­‐parental  allocation,  
mitochondrial   haplotypes   were   used   to   solve  
maternal   contributions.   For   few   ambiguous   cases  
the  analysis  of  three  additional  loci  was  necessary.      
In   Stock_1,   60   out   of   137   F1   analyzed   were  
successfully   assigned   to   8   families,   of   which   3  
represented  by  a  large  number  of  individuals  (table  
4).  Three  cases  of  multi-­‐parental  assignment  were  
observed.  These  results  can  be  easily  visualized  in  a  
Multidimensional  Scaling  analysis  performed  using  
pairwise  genetic  distances  at  the  7  loci  genotyped,  
in   which   individuals   cluster   according   to   the  
families  identified  by  the  pedigree  analysis  (fig.  1).    
More   than   half   of   individuals   (70)   were   not  
assigned   to   any   putative   parental   pair   (table   4).  
However,  the  close  position  in  the  MDS  (fig.  1)  and  
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the   shared   haplotype   2   strongly   suggest   these  
individuals  to  be  full  sibs.    
With   the   aim   of   assessing   a   correct   degree   of  
relatedness   among   not   allocated   individuals,   the  
distribution   of   pairwise   genetic   distances   among  
animals  with  known  degree  of  relatedness  were    
estimated   (Congiu   et   al.   2011)   and   threshold  
values  above  which  a  given  degree  of   relatedness  
can  be  excluded  were  estimated  to  be  0.52  for  full  
sibs  and  0.62  for  half  sibs.  Based  on  these  values,  a  
single   group  of   full   sibs  was   identified  among  not  
allocated   individuals   of   Stock_1.   This   result   can  
easily  be  visualized  by  plotting  the  pairwise  genetic  
distances   of   not-­‐allocated   individuals   on   the  
distribution  of  groups  with  known  relationship  (fig.  
2).  
The  four  individuals  with  haplotypes  corresponding  
to   other   species   than   A.   naccarii   were   not  
allocated,  as  expected.  The  analysis  of  RPS7  Locus  
A  proposed  by  Boscari  et  al.  (2013)  confirmed  two  
of   these   animals   to   be   hybrids   between      A.  
transmontanus   female   x   A.   naccarii  male   and   the  
other   two  between  A.  gueldenstaedtii   female   x  A.  
naccarii  male.   These   animals  were   excluded   from  
the  data  set.  
For  the  Stock_2  released  in  the  Ticino  River,  76  out  
of  116  individuals  were  unambiguously  allocated  to  
9   families,   of   which   3   included   the  major   part   of  
the   individuals  and  shared  the  same  sire  (table  3).  
Only  one  case  of  multi-­‐parental  assignment  to  two  
putative   parent   pairs   was   observed.   According   to  
the   parental   allocation   procedure,   the   MDS  
analysis   shows   a   close   clustering   of   the   3   familiar  
groups  (fig.  3).  Also   in  this  case,   it  was  possible  to  
infer   the   relationship   between   not   allocated  
individuals   (3   potential   familiar   groups)   following  
the  threshold  value  approach  reported  above.  
Results   obtained   from   parental   allocation   for   the  
two   F1   stocks   in   which   a   low   number   of   familiar  
groups  were  detected  are  well  summarized  by  the  
heterogeneity   indices,  Hf   and  Bi,   reported   in   table  
5.  For  F0  stock,  the  values  of  both  indices  are  close  
to   1,  which   is   explained   by   the   assumption   of   no  
relationship   among  wild   individuals.   On   the   other  
hand,   F1   stocks   showed   remarkably   lower   values  
for   both   indices   due   to   the   very   low   number   of  
familiar  groups  represented  and  their  uneven  sizes.  
  
  
Figure  1.  MDS  obtained  from  the  pairwise  
genetic  distances  among  all  F1  individuals  of  
Stock_1  and  the  parental  sample  (asterisks).  
Triangles,  squares  and  diamonds  represent  
the  3  most  abundant  families  identified  while  
other  allocated  individuals  are  symbolized  as  
crosses.  Full  black  circles  represent  not  
allocated  individuals,  all  sharing  the  same  
haplotype.  Putative  hybrids  individuals  were  
discarded  from  the  analysis.  Stress  value  =  
0.23.  
  
Index	   Hf	   Bi	  
F0	  (N	  =	  43)	   0.95	   0.99	  
F0	  Ȃ	  present	  (N	  =	  13)	   0.92	   0.96	  
F1	  Stock_1	  (N	  =	  60)	   0.63	   0.84	  
F1	  Stock_2	  (N	  =	  77)	   0.51	   0.72	  
Table   5.   diversity   indices   estimates   for  
parental   sample   and   the   two   F1   stocks.  
For   the   F1   stocks,   only   allocated  
individuals  were  considered.  
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Table  4.  Parental  allocation  to  F0  stock  of  all  F1  individuals  analyzed.  The  number  of  individuals  for  each  family  





Figure   2.   Distribution   of  
observed   pairwise   genetic  
distances   based   on   Band-­‐
Sharing   information   at   7  
microsatellite   loci   for  
different   degree   of  
relatedness   (full   sibs,   half  
sibs  and  unrelated)  plotted  
with   the   distribution  
observed   for   not   allocated  




Figure   3.  MDS   obtained   from   pairwise  
genetic   distances   among   all   F1  
individuals  of  Stock_2  and  the  parental  
sample   (asterisks).   Triangles,   squares  
and   diamonds   represent   the   3   most  
abundant   families   identified   while  
other   allocated   individuals   are  
symbolized   as   crosses.   Circles,  
representing   not   allocated   individuals,  
are   filled   according   to   the   A.   naccarii  
mitochondrial  haplotype.    
Stress  value  =  0.29.  
Stock_1  (F1  future  breeders)   Stock_2  (F1  released)  
N°  of  F1  individuals   Parental  pairs   Haplotype   N°  of  F1  individuals   Parental  pairs   Haplotype  
8   Pelvienne  (F)  x  NaccS18  (M)   2   22   NaccS8  (F)  x  740  (M)   2  
18   NaccS8  (F)  x  Matto  (M)   2   32   NaccS3  (F)  x  740  (M)   3  
26   NaccS15  (F)  x  NaccS13  (M)   4   17   NaccS33  (F)  x  740  (M)   3  
1   NaccS3  (F)  x  Matto  (M)   3   1   O2  (F)  x  Matto  (M)   5  
4   NaccS4  (F)  x  Matto  (M)   2   1   NaccS26  (F)  x  NaccS13  (M)   5  
1   NaccS3  (F)  x  NaccS18  (M)   3   1   O2  (F)  x  NaccS31  (M)   5  
1   NaccS7  (F)  x  NaccS27  (M)   3   1   NaccS4  (F)  x  Matto  (M)   2  
1   NaccS7  (F)  x  NaccS6  (M)   3   1   NaccS33  (F)  x  NaccS29  (M)   3  
3   Multi-­‐allocated   2   1   NaccS4  (F)  x  Raspo  (M)   2  
70   Not  allocated   2   1   Multi-­‐allocated   3  
4   Not  allocated   *   38   Not  allocated   2/3/5  




The   combination   of   mtDNA   and   microsatellite  
information   resulted   to   be   totally   efficient   in  
detecting   the   correct   F0   parents   of   all   the   F1  
progeny.   In  fact,   in  the  two  stocks  only  4  (3%)  out  
of   137   animals   allocated   resulted   to   be   putative  
compatible  with  more  than  one  parent  pair.    
Results   clearly   demonstrate   that   only   a   small  
fraction   of   genetic   variability   observed   in   the   F0  
stock  was  present   in   the   F1   groups,   either   reared  
by  the  TRP  as  future  captive  brood-­‐stock  or  directly  
released  in  the  wild.  This   is  confirmed  by  diversity  
indices,  showing  a  drop  in  values  of  Hf  and  Bi  (Table  
5).  This   loss   is   the  direct  consequence  of  15  years  
of   random  selection  of  breeders  used  to  generate  
the   F1   stocks.   In   fact,   81%   of   the   allocated  
individuals   of   Stock_1   and   91%   of   the   allocated  
individuals   of   Stock_2   were   all   assigned   to   just  
three  single   families,  closely   related   in   the  case  of  
Stock_2.   The   close   relatedness   among   the   larger  
families   in   Stock_2   has   a   direct   effect   on   the  
heterogeneity   indices,   which   result   to   be   lower  
than   in   Stock_1,   as   a   consequence   of   the   lower  
number  of  parents  involved.    
There   are   two   steps   at  which   a   strong   bottleneck  
can   occur;   the   first   is   represented   by   the   limited  
number   of   founders   used   for   reproductions.   This  
usually   depends   on   the   number   of   available  
ovulating   females   and   on   the   number   of   larvae  
that   the   hatchery   do   manage.   In   the   case   of   the  
͞ǌŝĞŶĚĂŐƌŝĐŽůĂs/W͟,   in   the  1990s   (when  the  F1  
stock   were   produced),   only   few   animals   were  
usually   reproduced  per   year.  A   further  bottleneck  
can   occur   if   a   limited   number   of   the   fingerlings  
produced   in   a   given   year   is   used   for   brood-­‐stock  
foundation   or   for   immediate   restocking   activities.  
If   no   attention   is   paid   to   pedigree   composition  
there   is   a   high   probability   of   having   stocks   with  
high  average  relatedness.  
In   Stock_1   and   Stock_2,   the   identification   of   F0  
parents   failed   for   70   (53%)   and   38   (33%)  
individuals,  respectively.  Non-­‐allocated  animals  are  
probably   offspring   of   F0   parents   that   died   before  
the   first   fin   clips   collection   performed   for   the   F0  
characterization.   Since   these   animals   may   be   the  
unique   heirs   of   an   important   fraction   of   genetic  
variability,   relatedness   among   these   animals   was  
estimated,   which   allowed   to   identify   at   least   4  
familiar  groups  (1   in  Stock_1  and  3   in     Stock_2)  to  
be  included  in  any  future  management  plan.    
The   alternative   explanation,   which   is   that   non-­‐  
allocated   animals   were   F2,   generated   by   crossing  
F1   breeders,   can   be   reasonably   excluded   since,  
when   the   non-­‐allocated   animals   were   generated,  
no  F1  individual  was  already  mature.  However,  for  
the  future,  this  possibility  cannot  be  excluded  since  
some   F1   animals   are   being   reproduced,   even   if  
mainly  for  meat  and  caviar  production.  In  this  view,  
the   possibility   to   perform   second   generation  
allocations   should   be   developed   in   a   near   future,  
possibly   improving   the   band   sharing   method   by  
including   the   available   information   on   tetrasomic  
inheritance  (Boscari  et  al.  2011).  
Besides   the   low   genetic   variability,   the   possible  
genetic  contamination  due  to  the  presence  of  alien  
species   also   represents   an   important   issue   in  
conservation   programmes.   Sturgeon   species   are  
not   easy   to   distinguish,   especially   at   early   life  
stages,   and   the   usual   co-­‐presence   of   different  
species   and   interspecific   hybrids   in   sturgeon  
hatcheries   makes   accidental   exchanges   highly  
common.  The  detection  of  hybrids  in  Stock_1  is  not  
surprising   as   these   animals   originally   belonged   to  
the   stock   reared   by   the   Province   of   Piacenza,   in  
which   interspecific   hybrids   between   A.  
transmontanus   and   A.   naccarii   were   already  
detected  by  Congiu  et  al.  (2011).    
  
Management  implication  and  future  perspectives  
Our   study   emphasizes   how   the   ex   situ  
management  of  highly  imperiled  species  must  rely  
on   the   careful   characterization  of   residual   genetic  
diversity   and   how   careless   conservation   activities  
can   have   a   strong   detrimental   impact.   As   seen   in  
other   Adriatic   sturgeon   captive   stocks,   reared   in  
captivity  as  future  brood-­‐stocks,  which  resulted  to  
be   scarcely   variable   and   not   suitable   for   ex   situ  
conservation   (Congiu   et   al.   2011),   the   use   of  
Stock_1   animals   as   breeders   for   production   of  
fingerlings   to   be   released   in   the   wild   is   strongly  
discouraged.  In  fact,  the  random  pairing  of  animals  
makes   mating   events   between   full   sibs   highly  
probable  (35%)  and  the  consequent  release  of  the  
offspring  not  recommended.    
The  present  study  once  again  highlights  the  urgent  
need   to   design   a   specific   rehabilitation   program  
based   on   solid   pedigree   analysis   and   relatedness  
estimations  for  the  Adriatic  sturgeon.  This  program  
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must   include   the   complete   characterization   of   all  
F1   stocks   of  A.   naccarii   reared   in   Italian   plants   in  
order   to   describe   the   total   amount   of   genetic  
variability   available.   For   example,   other   adult  
animals,   not   analyzed   in   the   present   study,   are  
reared  by  the  TRP  and  there   is   the  possibility   that  
these   animals   are   not   related   with   the   ones  
analyzed   here.   Therefore,   genetic   screening   of  
these   animals   should   represent   a   priority   for   the  
TRP  with   the   aim  of   having   a   clear   picture   of   the  
available   genetic   diversity   in   their   ponds.  
Additionally,   the   VIP   ĨĂƌŵ͛Ɛ ŽǁŶĞƌ ŚĂƐ ŬĞƉƚ ĂŶĚ
retained   in   captivity   several   F1   individuals,  
obtained   by   crosses   carried   out   over   the   last   20  
years,   and   most   of   them   have   now   reached   the  
sexual  maturity.   This   stock   amounts   to   about   450  
individuals   and   the   information   provided   by  
hatchery   records   gives   hope   for   an   important  
source   of   genetic   variability.   The   analysis   of   this  
stock  definitely  represents  a  priority  task.  
In   synthesis,   we   strongly   suggest   a   careful  
management   of   future   breeding   activities  
considering   as   priorities   those   individuals   of   wild  
origin   that   are   still   alive   (Congiu   et   al.   2011)   and  
optimizing   the   preservation   of   the   available  
genetic  diversity  by  means  of  a  long  term  breeding  
plan   that   should   take   into   account   the   following  
guidelines:   maximization   of   the   number   of  
available   familiar   groups   in   the   F1   brood-­‐stocks,  
equalization  of  family  sizes  and  priority  to  breeders  
with   the   lowest   degree   of   relatedness.   All   these  
perspectives   and   advices   are   in   line   with   the  
Ramsar   Declaration   on   Global   Sturgeon  
Conservation   (2006)   and   with   the   FAO   guidelines  
͞Sturgeon  hatchery  practices  and  management  for  
release͟;ϮϬϭϭͿďĂƐĞĚŽŶƚŚĞ&KŽĚĞŽĨŽŶĚƵĐƚ
for  Responsible  Fisheries  (1995).  
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The   Adriatic   sturgeon   (Acipenser   naccarii)   is   a   critically   endangered   endemism   of   the   Adriatic   region,   with  
tetraploid  genome  and  long  life  cycle.   Its  recovery  totally  depends  on  the  management  of  few  captive  stocks  
that  have  now  reached  the  sexual  maturity  and  directly  descend  from  same  group  of  wild  parents.    
In  the  present  study,  an  exhaustive  genetic  characterization  was  performed  in  order  to  reconstruct  individual  
pedigrees.   This   information   was   used   to   plan   a   coordinated   strategy   for   successful   long-­‐term   species  
preservation  through  the  designing  of  a  breeding  plan  in  which  the  different  familiar  groups  are  considered  as  
breeding  units,  and  in  which  the  mating  priorities  are  identified.  
A  two-­‐step  strategy  is  proposed,  in  which  a  first  short-­‐term  breeding  program,  relying  on  the  only  13  remnant  
individuals  of  certain  wild  origin,   is  followed  by  a  second  series  of  crosses  among  already  mature  F1  families,  
produced   in   captivity   during   last   20   years   from   wild   parents.   Simulations   were   run   to   evaluate   the   allele  
richness  in  F2  virtual  generations  under  different  scenarios.  Simulations  to  assess  the  recommended  number  of  
individuals  to  breed,  the  costs  and  logistical  aquaculture  constraints  were  also  performed.  Results  suggest  that  
each  family  should  be  represented  by  3  breeders  when  possible  and  that  the  selection  of  mating  families  based  
on  genetic  distance  is  to  be  preferred  at  least  in  short  term  programs.  This  work  represents  the  first  breeding  
plan   for   the  Adriatic  sturgeon  and  provides  common  guidelines   for   the  coordination  of   the  unlinked  and  too  
often   short-­‐term   efforts   made   by   different   local   administrations.   The   approach   here   proposed   can   be   also  




The   continuously   increasing   field   of   endangered  
species   management   has   seen   the   need   to  
incorporate   conservation  genetics  within   recovery  
actions   (Meffe  1986;  Pertoldi  et   al.  2007).   In   fact,  
conservation   management   aiming   at   the  
preservation   of   genetic   variability   of   wild  
populations  can  be  an  essential  help  to  prevent  the  
extinction   of   endangered   species   (Hedrick   2001;  
DeSalle  &  Amato  2004;  Leus  2011;  Witzenberger  &  
Hochkirch  2011).    
Given  the  continuous  deterioration  of  the  status  of  
many   species,   now   considered   critically  
endangered,  and  the  few  reproductive  populations  
available  in  nature,   in  situ  conservation  efforts  are  
not  sufficient  to  mitigate  or  prevent  the  effects  of  
human   and   stochastic   threats   (Leus   2011).   Thus,  
conservation   activities   must   often   rely   on   ex   situ  
breeding   programs   (captive   brood-­‐stock  
management)  and  possibly  on  subsequent   release  
of   captive-­‐generated   animals   (Philippart   1995;  
Russello   &   Amato   2004;   Araki   et   al.   2007;  
Frankham  et  al.  2002;  Leus  2011).  
Brood-­‐stock   management   generally   involves   two  
basic   principles.   The   first   one   is   the   complete  
genetic  characterization  of  all  breeders  available  in  
captivity   providing   relevant   information   about   its  
purity   and   genetic   diversity.   Traditionally,   in  most  
ĐĂƉƚŝǀĞ ƉƌŽŐƌĂŵ ƚŚĞ ͞founder   assumption͟ ǁĂƐ
applied  to  the  founder  population  of  wild  origin,  by  
considering  all  the  individuals  as  equally  unrelated  
(Russello   &   Amato   2004;   Congiu   et   al.   2011).  
Moreover,  genetic  characterizations  are  extremely  
useful   for   the   reconstruction   of   pedigree  
information   of   captive   progeny   (Kozfkay   et   al.  
2008;   Congiu   et   al.   2011).  Molecular  markers   are  
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generally   at   the   basis   of   each   strategy   and  
microsatellites  are  the  most  widely  used  in  animal  
conservation,   allowing   good   performances   in  
inferring   relationships   among   individuals   (DeSalle  
&  Amato  2004;  Russello  &  Amato  2004;  Rodzen  et  
al.   2004;   Hayes   et   al.   2006;   Witzenberger   &  
Hochkirch  2011).  This  is  crucial  to  identify  the  best  
strategy   aimed   at   minimizing   the   loss   of   the  
residual   genetic   variability   (Russello   &   Amato  
2004).  
The   second  principal   involves   the  management  of  
this  genetic  variability  through  a  specific  long-­‐term  
breeding  plan  with  the  final  aim  of  generating  self-­‐
sustaining   populations   suitable   for   release   (Fraser  
2008;   Kozfkay   et   al.   2008).   With   this   regards,   a  
group  of   captive   individuals   opportunely   selected,  
ŶĂŵĞĚ͞breeders  unit͕͟ ŝƐƵƐƵĂůůǇĐŚŽƐĞŶĂƐŐƌŽƵƉ
of   breeders   for   the   production   of   the   future  
generation   (Goldestein   et   al.   2000).   From   this  
crucial   choice   depends   the   diversity   that   will   be  
released   in   natural   environment.   Subsequently,   a  
breeding   scheme   is   planned   determining   the  
mating   pairs,   the   timetable   and   the   priorities   if  
necessary   (Myers   et   al.   2001;   Russello   &   Amato  
2004;  Kozfkay  et  al.  2008).  
Among   animals,   a   recent   report   (March   2010)   of  
the  International  Union  for  Conservation  of  Nature  
(IUCN)  suggests  sturgeons  as  the  most  threatened  
group  of  species  (Anders  et  al.  2011;  Congiu  et  al.  
2011).  
The   tetraploid   Adriatic   sturgeon   (Acipenser  
naccarii)  is  an  important  endemism  of  the  Adriatic  
region   (Bemis   &   Kynard   1997;   Birstein   &   Bemis  
1997),   now   nearly   completely   extinct   in   natural  
environment,   in  urgent  need  of  effective  recovery  
measures   (Congiu   et   al.   2011;   Boscari   &   Congiu  
2014).   The   only   captive   stock   of   wild   origin   (F0  
stock),  of  about  50  individuals,  was  collected  since  
1977   at   the   private   V.I.P.   plant   (Orzinuovi,   BS,  
Italy).   During   the   last   30   years,   several   of   them  
died  of  old  age  and  only  13  F0   individuals  are   still  
alive.   However,   thanks   to   the   successful  
reproduction  in  captivity  (Bronzi  et  al.  1999),  since  
1988  several  F1  individuals  were  produced.  
The   recovery   of   the   Adriatic   sturgeon   presently  
depends   on   the  management   of   these   F1   captive  
stocks,   all   descending   from   the   same   parental   F0  
stock   (Congiu   et   al.   2011).   Now,   these   animals  
have  reached  the  sexual  maturity  and  are  ready  for  
reproduction.  
Past  genetic  analysis  performed  on  F1  stocks  of  A.  
naccarii   retained   as   future   brood-­‐stocks   by   Ticino  
River   Park,   Province   of   Piacenza   and   Province   of  
Treviso   (Italy)   revealed   how   the   absence   of   a  
careful   genetic   management   have   caused   the  
foundation  of  F1  stocks  pointless  as  future  captive  
brood-­‐stocks  (Congiu  et  al.  2011;  Boscari  &  Congiu  
2014).  
In  the  present  study  the  genetic  characterization  of  
an  heterogeneous  F1   stock   (V.I.P.   Stock),   retained  
at   the   V.I.P.   plant   as   result   of   20   years   of  
reproductions,   was   performed   in   order   to  
reconstruct  individual  pedigrees.    
This   information   was   used   to   plan   a   coordinated  
strategy   for   successful   long-­‐term   species  
preservation   through   the   designing   of   a   breeding  
plan   in   which   the   different   familiar   groups   are  
considered   as   breeding   units,   and   in   which   the  
mating  priorities  are  identified.  
The  resulting  breeding  plan  was  also  supported  by  
simulations   aimed   to   estimate   the   loss   of   genetic  
diversity   under   different   scenarios   as   well   as   to  
evaluate   the   sustainability   of   the   plan   from  
economic  and  logistic  point  of  view.  
  
Materials  and  methods  
Sample  collection  and  DNA  extraction  
Individuals   of   A.   naccarii   analyzed   in   the   present  
study   belong   to   the   larger   captive   stock   of   adults  
individual   directly   descendant   from   wild   parents  
(F0)  (Congiu  et  al.  2011).    
All   specimens   (F0   and   F1   animals)   were   provided  
by   Azienda   Agricola   V.I.P.,   located   at   Orzinuovi  
(Brescia,   Italy),   thanks   to   the   owner   Giacinto  
Giovannini,   which   has   retained   several   F1  
individuals   from   each   reproduction   performed  
during  the  past  20  years  in  order  to  produce  a  new  
F1  brood-­‐stock.    
Genomic  DNA  of  445  F1   individuals  was  extracted  
from   fin-­‐clip   (10-­‐100   mg)   using   the   DNA   Easy  




The   amplification   of   the   mitochondrial   control  
region   (d-­‐Loop)   was   performed   for   all   individuals  
using   the  primer  pair  PRO1F-­‐PHE1R,   following   the  
experimental   conditions   reported   in   Congiu   et   al.  
(2011).   All   PCR   products   were   purified   by  
enzymatic   reaction   with   ExoSAP-­‐itTM   (Usb)   and  
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then   sequenced   at   the   external   service   BMR  
Genomics   using   ABI   Prism3730XL   automatic  
sequencer.    
A   multi-­‐alignment   was   created   using   ClustalW   in  
Mega5  and  a  haplotypes  network  was  constructed  
using   TCS   v.   1.13   (Clement   et   al.   2000)   following  
the   statistical   parsimony   approach   (Templeton   et  
al.  1992).  
The   estimation   of   mitochondrial   genetic   diversity  
in   comparison   with   the   F0   stock   was   performed  
using   haplotypes   and   nucleotide   diversity  
estimated   from   number   of   segregating   sites   and  
from   mean   number   of   pairwise   differences   using  
DnaSP  software  v.  5  (Librado  &  Rozas  2009).  
  
Microsatellite  analysis  
All   F1   individuals   were   genotyped   at   7  
microsatellite   loci   (LS-­‐39,   AnacE4,   AnacC11,  
AnacA6,   An20,   AoxD234   and   AoxD64)   selected  
among   the   24   genotyped   for   the   characterization  
of   the   parental   stock   (F0)   (Congiu   et   al.   2011).   In  
the   case   of   multi-­‐allocations   (to   more   than   one  
parent  pair),   the  number  of   loci  was   increased  up  
to   10   (An16,   AoxD241   and   AoxD161)   until  
complete  pedigree  resolution.    
Microsatellite   loci   were   amplified   following   the  
condition  reported  in  the  original  references  (Table  
1).    
GeneMapper   software   version  1.95   (Soft  Genetics  
LLSR)  was  used  for  the  scoring.    
The   analysis   of   nuclear   data   was   performed   by   a  
phenotypic   approach  based  on  Band-­‐Sharing   (BS),  
proposed   by   Congiu   et   al.   (2011),   opportunely  
modified  as  described  in  the  following  section  (see  
next  chapter).    
Profiles   of   presence/absence   (1/0)   of   alleles   were  
used  to  estimate  a  Band  Sharing  coefficient  (BS)  as  
measure  of  similarity  between  individuals.  Pairwise  
genetic  distances  were  calculated  (1-­‐BS).  
The  estimation  of  genetic  diversity  was  performed  
using   allele   richness,   and   two   diversity   indices   (Hf  
and   Bi),   analogues   to   Gene   diversity,   expressly  
developed   to   record   different   aspects   of   familiar  
heterogeneity   (Boscari   &   Congiu   2014).   These  




Based   on   the   method   proposed   in   Congiu   et   al.  
(2011),   a   new   tool   for   pedigree   analysis   named  
͞ƌĞĞĚŝŶŐ^ƚƵƌŐĞŽŶƐ͟   was   developed   using   c++  
format.   The   program   allows   estimating   an  
allocation  compatibility  index  of  each  F1  individual  
to  all  possible  parent  pairs  in  the  F0  stock.  
Under   the   assumption   of   tetrasomic   inheritance  
(Boscari   et   al.   2011),   the   compatibility   index   of   a  
given   F1   individual   to   a   given   parent   pair   was  
estimated   as   follows:   at   each   locus,   starting   from  
the  observed  microsatellite  profile   (phenotype)  all  
possible  tetraploid  genotypes  are  inferred  for  both  
the   F1   and   the   two   putative   parents.   All   possible  
pairwise   combinations   of   genotypes   inferred   for  
the   two   parents   are   screened   to   assess   if   alleles  
observed   in   the   progeny   are   justified,   with   the  
constraint   that   the  offspring   is  assumed   to   inherit  
two   allele   copies   from   each   parent.   These   allele  
copies   can   be   identical   except   from   completely  
heterozygous  parental  genotypes.  
The   single   locus   compatibility   index   ci(x)   is  




where,  ci(x)  is  the  compatibility  of  that  animal  with  
a   parent   pair   at   a   single   locus   and   it   ranges  
between   0   and   1,   A(p1)   is   the   number   of   allele  
ĐŽƉŝĞƐ ŝŶŚĞƌŝƚĂďůĞ ĨƌŽŵ ƉĂƌĞŶƚĂů ϭ ;Ϭ ч ;ƉϭͿ чϮͿ
and  A(p2)  is  the  ones  inheritable  from  parental  2  (0  
ч;ƉϮͿч2).  The  same  approach  is  extended  to  all  
loci   genotyped   to   estimate   a   multi-­‐locus  
compatibility   index   as   average   of   single   locus  
accuracy  (CI(x)).  
This  procedure  was  applied  to  all  possible  parental  
pairs   with   a   threshold   value   of   compatibility  
opportunely   fixed  to  allow  segregation  errors   to  1  
locus  (4  alleles).    
Individuals   for  which  no  parent  pairs  are  over   the  
threshold   were   considered   as   not   allocated   and  
they  probably  are  sons  of  wild  parent  died  before  
the   genetic   characterization   of   the   F0   stock.  
Individuals   allocated   with   a   compatibility   value  
between   the   threshold   value   and   1   were  
individually   checked   for   the   mitochondrial  
concordance  with  the  putative  mother  and  for  the  
locus  responsible  of  the  imperfect  compatibility.  In  
fact,  one  of  the  loci  (LS-­‐39)  is  suspected  to  present  
a   low   frequency   null   allele.   Individuals   for   which  
the  incomplete  allocation  was  caused  by  LS-­‐39  and  
the   mitochondrial   haplotype   correspond   to   the  
maternal   one   were   considered   as   allocated.
69  |  P a g .   
  
  
Locus   Motif   Size  (bp)   Species   Reference  
LS-­‐39   (GTT)10   116-­‐154   A.  fulvescens   May  et  al.  1997  
AnacE4   (CA)20   326-­‐354   A.  naccarii   Forlani  et  al.  2007  
AnacC11   (TCTA)12   167-­‐193   A.  naccarii   Forlani  et  al.  2007  
AnacA6   (CA)15   289-­‐313   A.  naccarii   Forlani  et  al.  2007  
An16*   (ATCT)24   171-­‐217   A.  naccarii   Zane  et  al.  2002  
An20   (ATCT)10(TG)5   159-­‐213   A.  naccarii   Zane  et  al.  2002  
AoxD234   (TAGA)17   215-­‐275   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King  2002  
AoxD64   (TAGA)16   216-­‐252   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King  2002  
AoxD241*   (TAGA)36   156-­‐198   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King  2002  
AoxD161*   (CTAT)15   111-­‐155   A.  oxyrinchus   Henderson-­‐Arzapalo  &  King,  2002  
  
Table   1.   List   of  microsatellite   loci   used   for   characterization   of   the   F1   V.I.P.   Stock.  Repeat  motif,   size   range,  
species  in  which  microsatellites  were  developed  and  reference  are  reported  for  each  locus.  *=  supplementary  
loci  genotyped  on  a  limited  number  of  individuals  to  increase  the  resolution  of  parental  allocation.  
  
The  program  also  generates   virtual  offspring   from  
a  sample  of  putative  parents  (where  males  and    
females   must   be   specified).   This   possibility   was  
used  to  generate  1000  virtual  F1  profiles  from  the  
F0   generation.   The   fraction   of   virtual   F1   profiles  
allocated   back   only   to   the   parental   pair  
corresponds   to   the   allocation   power   of   the  
microsatellite   panel.   Since   a   correct   reassignment  
rate   of   92%   in   a   virtual   parental   allocation   was  
achieved   with   only   these   7   loci,   they   have   been  
selected  to  genotyped  all  F1  individuals.  
In  order  to  identify  closely  related  individuals  (full-­‐
sibs  or  half-­‐sibs)  among  not  allocated  animals   (for  
which   parents   were   unknown),   threshold   values  
were   estimated   from   the   distribution   of   pairwise  
genetic   distances   between   individuals   with   a  
known  degree  of  relatedness,  according  to  Congiu  
et   al.   (2011).   The   threshold   values   estimated   for  
our   panel   of   loci   (0.58   for   sibs   and   0.66   for   half-­‐
sibs)  were  applied  to  the  distance  matrix  between  
F1   individuals   and,   putative   groups   of   related  
individuals  were  identified.  
  
Species  and  hybrids  identification    
In  order  to  detect  the  presence  of  other  species  or  
interspecific   hybrids   within   the   A.   naccarii   stock,  
the   analyses   of   the   mitochondrial   control   region  
and   the   species-­‐specific   primers   proposed   by  
Boscari  et  al.  (2014)  were  applied.    
  
Breeding  strategy  
The  strategy  here  proposed  was  not  based  on  the  
choice   of   single   breeders   but   the   whole   families  
were   taken   into   account.   The   parent   pair   of   each  
family  was  considered  to  be   representative  of   the  
genetic   diversity   of   corresponding   group   of  
fingerlings.   This   allowed   to   use   a   higher   genetic  
information   since   all   the   F0   individuals   are  
genotyped   at   24   loci   (Congiu   et   al.   2011).  
Accordingly,   the   genetic   distance   between   two  
families   is   represented   by   the   genetic   distance  
between  the  two  cumulative  parental  profiles.    
In  the  case  of  families  with  unknown  pedigree,  the  
estimation   of   genetic   distances   from   the  
cumulative   profile   of   parents  was   not   possible.   In  
these   cases,   the   parental   profiles   were   inferred  
cumulating  the  phenotypes  of  their  offspring  using  
the   7   loci   genotyped   for   parental   allocation  
analysis.   Genetic   distances   estimated   on   these  
partial   profiles   were   included   in   the   matrix   after  
confirming  the  positive  correlation  (0,770  with  999  
interactions   performed)   between   distances  
estimated  at  24  and  7  loci.    
The   strategy   proposed   for   the   breeding   plan   is  
similar   to   the   minimal   kinship   (mk)   strategy  
considering   genetic   distances   instead   of   kinship  
which  would  require  the  allele  frequencies.  
Thus,   the   crosses   were   chosen   following   three  
criteria:   (a)   prioritize   families   with   higher   genetic  
value   (b)   exclude   crosses  between   families  with   a  
shared   parent   (c)   avoid   repetition   of   already  
performed  crosses.  
The   priority   of   the   different   families   (named  
͞ƉƌŝŽƌŝƚǇĨĂŵŝůŝĞƐ͟ͿĨŽƌƌĞƉƌŽĚƵĐƚŝŽŶǁĂƐĞƐƚŝŵĂƚĞĚ
based  on  how  much  the  parents  of  each  family  are  
ĂůƌĞĂĚǇƌĞƉƌĞƐĞŶƚĞĚŝŶƚŚĞ&ϭ͞breeders  unit͘͟dŚŝƐ
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value   was   estimated   by   averaging   the   number   of  
ƉƌŽŐĞŶǇ ƚŚĂƚ ĞĂĐŚ ƉĂƌĞŶƚ ŚĂǀĞ ŝŶ ƚŚĞ ͞breeders  
unit͘͟/ŶƚŚŝƐǁĂǇ͕ƚŚĞƐŵĂůůĞƐƚĨĂŵŝůŝĞƐǁŝƚŚƵŶĚĞƌ-­‐
represented  parents  are  the  first  to  be  selected  for  
reproduction.  
With   the   aim   of   excluding   crosses   between   half-­‐
sibs   families,   starting   from   the   F0   profiles   at   24  
loci,   all   the   possible   combinations   of   virtual  
families   (cumulative   profiles)   sharing   one   parent  
were   created   and   the   pairwise   genetic   distances  
estimated.   The   highest   distance   observed   (0.35)  
was  used  as  threshold  value  to  exclude  all  crosses  
involving   a   shared   parent.   For   the   families  whose  
parents   were   unknown   the   information   at   7   loci  
was  used  yielding  a  value  of  0.45.  
Analogously   to   the   mk   strategy,   in   which  
individuals  with  lowest  similarity  are  mated,  in  our  
ĐĂƐĞ͕ĞĂĐŚ͞ƉƌŝŽƌŝƚǇĨĂŵŝůǇ͟ƐŚŽƵůĚďĞĐƌŽƐƐĞĚǁŝƚŚ
the  more  distant  fĂŵŝůǇ;ŶĂŵĞĚ͞ŵĂƚŝŶŐĨĂŵŝůǇ͟Ϳ͘  
  
Simulations    
The   number   of   individuals   that   can   be   induced  
every   year,   the   number   of   crosses   that   can   be  
simultaneously   performed,   the   availability   of  
ponds   for   rearing   the   families   separately   until  
tagging,  the  maximum  number  of  animals  that  can  
be   hosted   and   several   other   logistical   constraints  
are  often  fixed  by  the  hatchery   facilities  and  must  
be   taken   into  account  when  planning  a   long-­‐term  
breeding   program.   In   turn,   the   above   variables  
contribute  to  determine  the  costs  of  the  project.    
A   R-­‐ƐĐƌŝƉƚ ŶĂŵĞĚ ͞ŽƐƚƐƌĞĞĚŝŶŐ^ƚƵƌŐĞŽŶƐ͟  
(available  upon  request)  was  compiled  to  estimate  
the  annual  costs  of  the  project  and  the  number  of  
animals   that   can   likely   be   reared   at   the   different  
life   stages.   The   above   logistical   constraints,   the  
biological  features  (e.g.  mortality  and  growth  rates  
at   different   life   stages)   and   costs   given   by  
reproductions,   food,   tagging,   manipulation,  
overheads   ecc.   were   included   with   the   aim   of  
estimating  the  total  financial  support  required.    
Variables   are   strictly   plant-­‐dependent.   We  
calibrated   the   different   variables   on   the   hatchery  
where  the  F1  V.I.P.  Stock  will  be  maintained  in  the  
coming  years  but  the  process  can  be  easily  applied  
to  different  conditions  and  sturgeon  species.    
ƐĞĐŽŶĚĂůŐŽƌŝƚŚŵ͕͞BreedingPlanSturgeons͟;ĂůƐŽ
available  upon  request),  was  used  to  estimate  the    
  
Table   2.   Variables   used   for   the   four  
simulations   performed   to   assess   the   optimal  
number  of  individuals  to  reproduce  per  family.  
For  these  simulations  only  the  26  families,  for  
which  the  scoring  at  24  microsatellite  loci  was  
available,  were  considered.  
  
expected   fraction   of   alleles   of   the   parental  
generation  that  are  successfully  transmitted  to  the    
progeny   under   different   breeding   strategies.   To  
ƚŚŝƐ ƉƵƌƉŽƐĞ ƚŚĞ ƉƌŽŐƌĂŵ ͞BreedingSturgeons͕͟
previously   described   and   used   for   parental  
allocation,   was   applied   to   generate   virtual   F2  
fingerlings   starting   from   observed   F1   parental  
phenotypes.    
The  optimal  number  of   individuals  per   family   that  
ensures   the   transmission  of   F1  generations  alleles  
was   estimated   as   follows.   Based   on   the   order   of  
ƚŚĞ ͞ƉƌŝŽƌŝƚǇ ĨĂŵŝůŝĞƐ͕͟ ĨŽƵƌ ĚŝĨĨĞƌĞŶƚ ƐĐĞŶĂƌŝŽƐ
ǁĞƌĞ ƐŝŵƵůĂƚĞĚ ŝŶ ǁŚŝĐŚ ƚŚĞ ͞ŵĂƚŝŶŐ ĨĂŵŝůŝĞƐ͟
ǁĞƌĞĐŚŽƐĞŶďǇ͞DĂǆŝŵƵŵŝƐƚĂŶĐĞ͕͟ƐĞůĞĐƚŝŶŐϭ͕
2,   3   or   4   individuals   per   family,   respectively  
(simulations   A,   B,   C   and   D   in   Table   2).   For   each  
scenario   100   replicates   were   performed   and   the  
mean   cumulative   number   of   alleles   successfully  
transmitted  was  counted.    
Once   fixed   the   optimal   number   of   individuals   per  
family,   the  two  alternative  strategies   to  select   the  
͞ŵĂƚŝŶŐ ĨĂŵŝůǇ͟ ǁĞƌĞ ƐŝŵƵůĂƚĞĚ ĂŶĚ ĐŽŵƉĂƌĞĚ͗
͞ZĂŶĚŽŵ͟ ĂŶĚ ͞DĂǆŝŵƵŵ ŝƐƚĂŶĐĞ͘͟ dŽ ƚŚŝƐ
purpose,   100   replicates   of   F2   generations   were  
performed   and   the   mean   cumulative   number   of  
alleles  transmitted  were  counted.  
In  all   the  above  simulations,   the  sex  of  animals  of  
ƚŚĞ͞breeders  unit͟ǁĂƐŶŽƚĐŽŶƐŝĚĞƌĞĚĚƵĞƚŽƚŚe  
lack  of  this  information.  Also  the  families  for  which  
less   than   24   loci   were   genotyped   were   excluded  
from  these  simulations;  thus,  the  families  used  for  
the  simulations  of  the  breeding  plan  were  26.  
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Results  
Mitochondrial  genetic  variation  
The   F1   sample   analyzed   showed   a   decrease   of  
haplotype  diversity  compared  to  the  parental  stock  
of   wild   origin   (Table   3).   Two   of   the   7   original  
haplotypes   (Boscari   et   al.  2014)  were   lost   (hapl-­‐1  
and  hapl-­‐4)  due  to  the  random  selection  of  mating  
pairs  while  a  third  haplotype  was  very  rare  and  was  
lost  due  to  a  poisoning  event  in  which  about  half  of  
the  F1  animals  died  in  July  2013  (Table  4).    
Ten   individuals  were  heteroplasmic  with   a  double  
peak   in   the  sequence  chromatogram.  Accordingly,  
the   mother   of   these   full   sibs   individuals   was  
observed  to  be  heteroplasmic  at  the  same  position  
(Boscari  et  al.  2014).    
The   F1   individual   N0857   presented   an   unknown  
haplotype   highly   divergent   from   the   A.   naccarii  
ones  and  after  Blast  match  was  identified  as  white  
sturgeon  (A.  transmontanus)  (Table  4).  
Haplotype  
N.  indiv  before  
poisoning  
N.  indiv.  after  
poisoning  
1   0   0  
2   118   53  
3   220   106  
4   0   0  
5   75   45  
6   4   0  
7   37   23  
A.  transmontanus   1   1  
Table   4.   Number   of   individuals   with   different  
haplotypes   for   the   F1   stock   before   and   after  
poisoning.  The  total  number  of  individuals  is  higher  
than   445   because   10   of   them   presented   a  
sequence  heteroplasmy  for  haplotypes  5  and  7  and  
were  counted  twice.  
Sample	   N	   S	   Si	   H	   Hd	   ޳w	   ޳Ɏ	  
F0	   43*	   13	   3	   7	   0.783	   0.004	   0.006	  
F0	  -­‐	  present	   13	   9	   0	   4	   0.744	   0.004	   0.006	  
F1	  before	  poisoning	   441**	   10	   0	   5	   0.665	   0.002	   0.002	  
F1	  after	  poisoning	   230	   10	   0	   4	   0.681	   0.002	   0.002	  
Table  3.  Diversity  indices  for  all  samples.  Number  of  individuals  (N),  number  of  segregating  sites  (S),  number  of  
singletons  (Si),  number  of  haplotypes  (H),  haplotype  diversity  (Hd),  nucleotide  diversity  estimated  from  number  
of   segregating   sites   (੓w)   and  nucleotide  diversity   estimated   from  mean  number  of  pairwise  differences   (੓ʋ)  
were   included   in   the   table.   *The   heteroplasmic   female   was   considered   as   two   females   with   different  
haplotype.  **Hybrids  were  discarded  from  the  analysis.    
  
Nuclear   genetic   variation   and   parental  
allocation  analysis  
The  7   loci   selected   for   the  characterization  of   this  
stock  are  the  same  used  in  Boscari  &  Congiu  (2014)  
for   the   analysis   of   two   populations   of   A.   naccari,  
involved  in  the  conservation  activities  in  the  Ticino  
River  Park.  These  loci  have  a  number  of  alleles  per  
locus  ranging  from  8  to  14  (Table  5).  
Table   6   summarizes   results   of   parental   allocation  
for   all   the   F1   individuals   (N   =   445).  Mitochondrial  
haplotypes   used   to   solve   some   ambiguities   in  
multiple  parental  allocations  are  also  reported.    
Out   of   445   individuals,   382   were   successfully  
assigned   to   a   single   parent   pair   and   no   multi  
allocations   were   observed,   confirming   a   good  
power   for   this   sub-­‐set   of   loci.   The   remaining   63  
individuals   were   not   allocated   to   any   of   the  
possible   F0   parent   pairs;   however,   according   to  
their   genetic   distances   and   to   mitochondrial  
information,   four  groups  of   full-­‐sibs  with  different  
mitochondrial   haplotype   were   detected:   Fam-­‐
unknownA   (haplotype   3,   23   individuals),   Fam-­‐
unknownB   (haplotype   5,   4   individuals),   Fam-­‐
unknownC   (haplotype   2,   11   individuals)   and   Fam-­‐
unknownD  (hamplotype  6,  4  individuals).      
Thus,  the  stock  is  composed  by  30  families  with  
known  pedigree  and  at  least  four  not  allocated  
families.  
The   F1   stock   composition   is   synthesized   by   two  
diversity   indices   reported   in   Table   7,   indicating   a  
contribution   of   several   F0   founders   (16   out   of   20  
males  and  14  out  of  22  females)  in  the  stock  and  a  
remarkable   heterogeneity.   As   a   comparison,   the  
same   indices   estimated   on   the   F1   brood-­‐stock  
reared   by   the   Province   of   Piacenza   (Boscari   &  
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Congiu   2014)   and   founded   without   pedigree  
information  are  reported.    
Unfortunately,  due  to  the  sudden  poisoning  event  
as  described  above,  only  233  animals  survived.  The  
abundance  of  each  survived  family  is  also  reported  
in  table  6.  Out  of  30  families  with  known  pedigree  
3   were   lost.   Concerning   the   4   not   allocated  
families,   D  was   lost,   A   and   C  were   reduced   to   11  





(N	  =	  42)	  
Wild	  Ȃ	  present	  	  
(N	  =	  13)	  
F1	  before	  poisoning	  
(N	  =	  441)	  
F1	  after	  poisoning	  
(N	  =	  230)	  
F1-­‐PC-­‐Stock_1*	  (N	  =	  133)	  LS-­‐39	   8	   8	   8	   8	   7	  AoxD64	   9	   8	   9	   9	   9	  AnacE4	   10	   7	   12	   12	   8	  AnacC11	   11	   7	   10	   10	   8	  AoxD234	   14	   12	   14	   14	   13	  An20	   11	   9	   11	   11	   10	  AnacA6	   9	   7	   9	   8	   7	  
Allele	  richness	   10.29	   8.29	   10.57	   10.29	   8.86	  
Table  5.  Number  of  alleles  per  locus  in  the  different  stocks  and  Allele  richness  .  *Values  reported  in  Boscari  &  
Congiu  (2014)  relative  to  another  stock  of  A.  naccarii  retained  as  future  captive  brood-­‐stock.  Detected  hybrids  
were  excluded.  
  





F1  individuals   Parental  pairs   Haplotype  
11   2  
N2882B,  N0645,  N1245,  N2153,  N3432,  N4418,  N6091,  N7251,  N9027,  
N9181,  N9860  
Pelvienne  (F)  x  NaccS18  (M)   2  
9   5   N0187,  N0911,  N1671,  N5520,  N6045,  N7547,  N7654,  N7688,  N8595   NaccS8  (F)  x  Matto  (M)   2  
14   14  
N0983,  N1349,  N3180,  N4021,  N4364,  N6373,  N6670,  N6868,  N7326,  
N7755,  N7808,  N8390,  N9726,  N9729  
NaccS7  (F)  x  NaccS6  (M)   3  
30   10  
N0964,  N1939,  N2738,  N4150,  N4453,  N4868,  N7413,  N7897,  N8029,  
N8101,  N8361,  N9493,  N2490,  N5779,  N0952,  N1734,  N6057,  N6931,  
N7911,  N0303,  N0749,  N1094,  N2274,  N4263,  N5268,  N5468,  N6096,  
N6842,  N9295,  N5734  
NaccS8  (F)  x  NaccS31  (M)   2  
10   4  
N9837,  N3918,  N4322,  N6584,  N7772,  N9926,  N1400,  N4143,  N4395,  
N4504  
NaccS33  (F)  x  NaccS11  (M)   3  
12   8  
N1167,  N1174,  N1401,  N1515,  N2235,  N2260,  N4109,  N5453,  N5475,  
N6197,  N8290,  N9563  
O2  (F)  x  Matto  (M)   5  
32   23  
N0675,  N1790,  N5660,  N6727,  N1540,  N2142,  N2718,  N5209,  N5739,  
N0237,  N1221,  N1255,  N1267,  N1533,  N2268,  N3009,  N3201,  N4821,  
N5212,  N5280,  N5630,  N5680,  N5728,  N5904,  N6219,  N6579,  N6784,  
N8147,  N8850,  N9510,  N9953,  N8234  
NaccS26  (F)  x  NaccS29  (M)   5  
22   15  
N1780,  N1921,  N4450,  N6500,  N9009,  N9955,  N0268,  N1713,  N3764,  
N3928,  N4652,  N4850,  N4940,  N5150,  N5175,  N5474,  N5566,  N6059,  
N7549,  N7909,  N9256,  N0786  
NaccS19  (F)  x  NaccS17  (M)   5/7  
48   27  
N0203,  N0291,  N0319,  N0550,  N0691,  N1077,  N1426,  N1478,  N1561,  
N1768,  N2122,  N2148,  N2538,  N3055,  N3920,  N3924,  N4157,  N4313,  
N4801,  N5919,  N5941,  N5992,  N6006,  N7510,  N7611,  N7670,  N7753,  
N8091,  N8199,  N8688,  N8836,  N9074,  N9521,  N23000,  N7781,  N0890,  
N1289,  N4167,  N6024,  N0968,  N1911,  N2082,  N7895,  N9066,  N2573,  
N8771,  N6181,  N1764  
NaccS28  (F)  x  NaccS17  (M)   3  
38   13  
N0371,  N1772,  N2037,  N2566,  N2703,  N2780,  N2999,  N3226,  N3729,  
N3861,  N4139,  N4975,  N5208,  N5382,  N5554,  N5854,  N6343,  N6703,  
N6765,  N7264,  N7336,  N7383,  N7554,  N7629,  N7726,  N8338,  N8713,  
N8777,  N8797,  N9298,  N9346,  N9613,  N2129,  N3446,  N8939B,  N3947,  
N7738,  N8318  
NaccS16  (F)  x  NaccS23  (M)   3  
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Table  6.  Results  of  pedigree  reconstruction  of  all  F1  individuals  by  parental  allocation  to  the  F0  stock.  The  
number  of  individuals,  before  and  after  poisoning,  and  mitochondrial  haplotype  are  reported.  Each  individual  
was  identified  by  microchip  (still  alive  individuals  are  in  bold).  Among  not  allocated,  individuals  underlined  are  
hybrids  detected  by  the  application  of  the  method  for  species  and  hybrids  identification  as  described  in  the  
following  session.  
  
Index	   Hf	   Bi	  
F0	  (N	  =	  43)	   0.95	   0.99	  
F0	  Ȃ	  present	  (N	  =	  13)	   0.92	   0.96	  
F1	  (N	  =	  382)	   0.80	   0.94	  
F1	  -­‐	  present	  (N	  =	  200)	   0.79	   0.96	  F1	  Ȃ	  PC	  Ȃ	  Stock_1*	  (N	  =	  60)	   0.63	   0.84	  
  
  
Table   7.   Diversity   indices   estimated   for   parental  
samples   (original   stock   and   present   stock)   and   F1  
stocks   (before   and   after   poisoning).   Data   for  
another   stock   of   A.   naccarii   founded   in   the   past  
without  pedigree  information  are  also  reported  for  
comparison  (Boscari  &  Congiu  2014).  
31   20  
N0148,  N1827,  N7230,  N7373,  N7530A,  N8189,  N0046,  N0679,  N1157,  
N1386,  N1390,  N2697,  N2742,  N3101,  N3458,  N4991,  N5470,  N5486,  
N6092,  N6516,  N6753,  N7099,  N7423,  N7509,  N8158,  N8892,  N9025,  
N9230,  N9303,  N9569,  N9987  
NaccS19  (F)  x  NaccS31  (M)   5/7  
13   2  
N0965,  N3813,  N8203,  N8815,  N9134,  N0808,  N3525,  N4356,  N4398,  
N4670,  N4920,  N6509,  N8312  
NaccS16  (F)  x  NaccS30  (M)   3  
17   12  
N2254,  N2955,  N5254,  N7250,  N8549,  N9103,  N0699,  N1511,  M2242,  
N2256,  N2843,  N5826,  N5884,  N6200,  N7107,  N8129,  N8854  
NaccS33  (F)  x  NaccS9  (M)   3  
15   8  
N1923,  N4544,  N5945,  N6741,  N9962,  N0265,  N1563,  N3758,  N4100,  
N4214,  N5571,  N5743,  N6069,  N7798,  N0807  
NaccS8  (F)  x  NaccS17  (M)   2  
10   2  
N0461,  N0473,  N1131,  N7374,  N8939A,  N6644,  N7474,  N2059,  N3264,  
N6962  
NaccS12  (F)  x  NaccS27  (M)   2  
24   7  
N4503,  N4591,  N7530B,  N7577,  N8818,  N8507,  N0841,  N1357,  N1984,  
N2542,  N3522,  N3596,  N3648,  N4145,  N6064,  N6249,  N6414,  N6592,  
N7114,  N7556,  N8146,  N8187,  N8426,  N8576  
NaccS3  (F)  x  740  (M)   3  
21   14  
N6730,  N0625,  N4411,  N6511,  N6884,  N9179,  N1934,  N2757,  N0393,  
N4023,  N4282,  N5183,  N5967,  N6041,  N7112,  N7706,  N9048,  N9255,  
N9480,  N9750,  N0934  
NaccS8  (F)  x  740  (M)   2  
3   3   N2689,  N4883,  N9367   NaccS28  (F)  x  NaccS23  (M)   3  
4   1   N4650,  N5733,  N6550,  N7113   NaccS3  (F)  x  Matto  (M)   3  
5   2   N8113,  N0280,  N3589,  N3668,  N9371   NaccS33  (F)  x  740  (M)   3  
2   -­‐   N0648,  N0549   NaccS7  (F)  x  VerdeBis  (M)   3  
2   1   N9786,  N0049   NaccS12  (F)  x  NaccS17  (M)   2  
2   2   N4295,  N4443   Indecisa  (F)  x  Matto  (M)   2  
1   1   N5519   Indecisa  (F)  x  NaccS11  (M)   2  
1   -­‐   N8097   NaccS12  (F)  x  Matto  (M)   2  
1   1   N6713   NaccS3  (F)  x  NaccS6  (M)   3  
1   -­‐   N0542   NaccS3  (F)  x  NaccS29  (M)   3  
1   1   N9523   NaccS16  (F)  x  740  (M)   3  
1   1   N3383   NaccS16  (F)  x  NaccS29  (M)   3  
1   1   N3447   NaccS24  (F)  x  NaccS29  (M)   5  
63   33  
N0369,  N4038,  N4743,  N4964,  N7358,  N7715,  N7730,  N9298B,  N9590,  
N1055,  N1163,  N1716,  N2882A,  N3547,  N3843,  N4123,  N4155,  N4511,  
N4955,  N5386,  N5407,  N5469,  N6186,  N7101,  N7543,  N7641,  N9227,  
N0160,  N0463,  N0673,  N0702,  N0855,  N0857,  N1345,  N1673,  N1997,  
N2165,  N2197,  N2824,  N2854,  N3568,  N3655,  N3847,  N4125,  N4305,  
N4454,  N5981,  N6242,  N6769,  N7084,  N7652,  N7886,  N7921,  N8201,  
N8793,  N9056,  N9373,  N9507,  N9824,  N2062,  N5914,  N8123,  N8991  
Not  allocated   2-­‐3-­‐5-­‐6  
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Identification  of  species  and  hybrids  
contaminations  
Four   interspecific   hybrids   were   detected.   The  
individual   N0857,   with   a   white   sturgeon  
mitochondrial   haplotype,   resulted   to   be   a   hybrid  
between   a   white   sturgeon   female   (A.  
transmontanus)  and  an  Adriatic  sturgeon  male   (A.  
naccarii).  
Other  three  individuals  (N1997,  N0463  and  N9056)  
resulted  hybrids  despite  the  A.  naccarii  haplotype.  
One   of   them   was   always   a   hybrid   with   the   A.  
transmontanus   which   was,   in   this   case,   the  
paternal   species.   The   other   two   individuals  
resulted   hybrids   between   an   Adriatic   sturgeon  
female   (A.   naccarii)   and   a   Russian   sturgeon  male  
(A.   gueldenstaedtii).   These   results   were   also  
confirmed   by   the   presence   at   different   loci   of  
alleles   never   shown   in   the   Adriatic   sturgeon  
parental   stock.   These   four   individuals   are   been  
discarded  from  the  breeding  plan.  
  
BREEDING  PLAN  
Short-­‐term  breeding  scheme  (F0xF0)  
Considering  that  the  13  still  alive  F0  individuals  are  
the   only   ones   of   sure   wild   origin,   crosses   among  
these  animals  were  given  priority.  Moreover,   9  of  
these   animals   seem   to   have   never   been   crossed  
based  on  the  pedigree  analysis.  
We  tried  to  have  the  contribution  of  each  remnant  
F0  breeder   in  at   least   three   families  within  the  F1  
generation.   The   already   existing   families  
representatives   of   each   F0   parent   were   counted  
and   the   corresponding   numbers   are   reported   in  
Figure  1  as  ScoreA.  Doing  this,  we  disregarded  the  
families   with   less   than   10   animals.   The   ScoreB  
represents   the   number   of   crosses   per   F0   that  
should   be   planned   in   order   to   generate   at   least  
three   families   per   breeder   in   the   F1   generation  
(ScoreA+B).    
Mating   pairs   were   selected   among   the   more  
distant  males   and   females   basing   on   the   pairwise  
genetic   distances   at   24   loci   (Fig.   1)   trying   to  
minimize  the  number  of  crosses  and  maximize  the  
number   of   parents   represented.   Following   this  
strategy,  18  crosses  were  selected  as  priority   (Fig.  
1),   among   which   only   one   was   already   present  
within   the  F1   stock;  however,  being  composed  by  
few  animals  it  is  nonetheless  recommendable.    
  
Long-­‐term  breeding  scheme  (F1xF1)  and  
selection  of  candidate  breeders  
A  total  of  32  groups  of  full  sibs  (28  with  known  and  
4   with   unknown   ancestors)   of   A.   naccarii  
ĐŽŵƉŽƐĞĚ ƚŚĞ ͞breeders   unit͘͟ dŚŝƌƚǇ ĨĂŵŝůŝĞƐ ĂƌĞ
reared   at   the   V.I.P.   Plant   and   two   at   the   Ticino  
River  Park  (Table  6).    
Figure  2  reports  the  pairwise  distance  matrix  
ĂŵŽŶŐĂůůĨĂŵŝůŝĞƐŝŶĐůƵĚĞĚŝŶƚŚĞ͞breeders  unit͟
in  which  are  shown  crosses  to  be  avoided  as  well  
ĂƐƌĞĐŽŵŵĞŶĚĞĚĐƌŽƐƐĞƐďĞƚǁĞĞŶĞĂĐŚ͞ƉƌŝŽƌŝƚǇ
ĨĂŵŝůǇ͟ĂŶĚƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐ͞ŵĂƚŝŶŐĨĂŵŝůǇ͕͟




Figure   1.   Distance  matrix   at   24  microsatellite   loci  
between  still  alive  F0.  Only  crosses  between  males  
and  females  are  selected.  Cells  highlighted   in  grey  
indicate   crosses   selected   for   the   short-­‐term  
breeding   plan   on   the   basis   of   the   ScoreA   and   the  
ScoreB.  
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Breeding  plan  simulations  
Results   of   sustainability   simulations,  made   by   the  
ƐĐƌŝƉƚ ͞CostsBreedingSturgeons͕͟ ǁĞƌĞ ĐŽŶĚƵĐƚĞĚ
taking  into  account  the  logistical  constraints  of  the  
Cassolnovo  hatchery,  where  the  breeding  units  will  
be  reasonably  reared,  and  are  reported  in  Figure  3  
as  an  output  divided  in  three  matrices.    
The   first   graph   (Fig.   3a)   represents   the   matrix   of  
families   and   shows   how   many   crosses   could   be  
performed  per  year.  Lines  correspond  to  the  years  
of  the  breeding  plan,  while  columns  represent  the  
evolution   of   the   relative   abundance   of   cohorts   in  
different  years.    
Normally,   assuming   to   induce   five  males   and   five  
females,   is   reasonable   to   expect   at   least   one  
reproduction.   Each   female   yields   about   30.000  
eggs  and,  assuming  a  hatching  rate  of  50%,  15.000  
larvae   per   cross   are   expected.   In   order   to   save  
pedigree   information,   fingerlings   produced   by  
different   family   combinations   should   be   kept  
separated   for   the   first   two   years   (until   tagging).  
Considering   that  only  6  ponds  are  available,   three  
crosses   per   year   are   feasible   (Fig.   3a)  
corresponding   to   about   45.000   larvae   (column   [1]  
in  Fig.  3a).    
The   number   of   fingerlings   at   the   second   year  
(column   [2]   in   Fig.   3a)   is   determined   by   the  
expected  mortality.    
At   the   beginning   of   the   third   year,   after   tagging,  
part  of  the  animals  should  be  retained  in  order  to  
guarantee   the   long   term   preservation   of   the  
captive   brood-­‐stock.   This   number   (column   [3]   in  
Fig.  3a)  was  estimated  in  order  to  have  an  average  
of  20  individuals  per  family  at  the  10th  year  of  age,  
taking   into   account   a   mortality   rate   of   10%   per  
year.  The  remnant  animals,  reported  in  the  second  
graph  (matrix  of  releases,  Fig.  3b),  can  be  released  
in  the  wild.  
  
Figure  2  (right  side).  Pairwise  distances  among  the  
ĨĂŵŝůŝĞƐ ŽĨ ƚŚĞ ͞breeders   unit͟ ĞƐƚŝŵĂƚĞĚ ďǇ
comparing   the   cumulative   profiles   of   the   parent  
pairs.  The  black  frame  includes  distances  estimated  
on  24   loci   and  excludes   the  ones  based  on  7   loci.  
Red  and  blue  cells  represent  crosses  to  be  avoided  
between   possibly   related   families   identified   with  
distance   values   lower   than   the   thresholds   of   0,35  
(at   24   loci)   and   0,45   (at   7   loci),   respectively.  
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The   third   graph   (matrix   of   costs;   Fig.   3c)   resumes  
the   costs   of   different   phases   (columns)   of   the  
breeding  plan  and  estimates   the   financial   support  
required   per   year   (last   column).   In   this   case,   the  
cost   of   maintaining   the   adult   breeders   (Shared  
tank)   was   set   to   0   but   can   be   opportunely  
modified.    
Results   of   the   simulations   of   the   breeding   plan  
ƉĞƌĨŽƌŵĞĚ ďǇ ƚŚĞ ƐĐƌŝƉƚ ͞BreedingPlanSturgeons͟
are  shown  in  Figures  4a  and  4b.  
Figure   4a   shows   that   there   are   no   significant  
differences  between  simulations  C  and  D   in  which  
3   and   4   individuals   were   involved,   respectively.  
This   result   indicates   that,   breeding   one   single  
individual   per   family,   the   fraction   of   allele  
transmitted   is   significantly   lower   than   using   two  
individuals.  The  maximum  inheritance  efficiency   is  
reached   with   a   minimum   of   3   individuals   per  
family.   In  the   long  run,  at  the  end  of  the  breeding  
program,  all  the  alleles  are  successfully  transmitted  
if  more  than  one  breeder  per  family  are  mated.    
Fig.  4b   shows   the  comparison  between   the  above  
simulation  C,  with  3   individuals  mated  per   family,  




to  be  more  efficient  in  transmitting  alleles,  while  in  
the   long   run   the   two   strategies   do   not   differ  
significantly.  
&ŽƌĂůůƐŝŵƵůĂƚŝŽŶƐƚŚĞŽƌĚĞƌ ŝŶǁŚŝĐŚƚŚĞ͞ƉƌŝŽƌŝƚǇ






Figure   3͘ ǆĂŵƉůĞ ŽĨ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ďǇ Ă ƌƵŶ ŽĨ ƚŚĞ ͞CostsBreedingSturgeons͟ Z-­‐Script.   The   run   was  
performed  assuming  6  tanks  available  for  the  first  two  years  of  rearing  and  one  common  pond  of  1200  mq  for  












Figure  4.  Results  of  the  simulations  performed  by  the  R-­‐ƐĐƌŝƉƚ͞BreedingPlanSturgeons͟ƚŽƚĞƐƚ͗ĂͿƚŚĞŽƉƚŝŵĂů
ŶƵŵďĞƌ ŽĨ ďƌĞĞĚĞƌƐ ƉĞƌ ĨĂŵŝůǇ ĂŶĚ͕ ďͿ ƚŚĞ ƐƚƌĂƚĞŐǇ ĨŽƌ ƚŚĞ ĐŚŽŝĐĞ ŽĨ ƚŚĞ ͞ŵĂƚŝŶŐ ĨĂŵŝůǇ͘͟ dŚĞ ĐƵŵƵůĂƚŝǀĞ
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Discussion  
The   breeding   program   for   the   Adriatic   sturgeon  
here   proposed   met   the   two   principals   generally  
required  in  captive  breeding:  the  complete  genetic  
characterization   for   pedigree   reconstruction   and  
the  planning  of  a  breeding  scheme  on  the  basis  of  
ĂŶŽƉƉŽƌƚƵŶĞůǇĐŽŶƐƚŝƚƵƚĞĚ͞breeders  unit͘͟  
This   is   the   first   study   providing   detailed  
information  on   the   real   status  of   this   endangered  
species  in  Italy  through  the  characterization  of  the  
major  source  of  F1  animals  which  have  reached  the  
sexual  maturity  and  are  ready  for  reproductions  in  
captivity.   These   information   allowed,   for   the   first  
time,  the  planning  of  a  specific  long-­‐term  breeding  
program  paying  attention   to  all   aspects   related   to  
aquaculture   constraints   in   order   to   reach   its  
expected  complete  feasibility.  
Results   obtained   by   parentage   analysis   based   on  
the   modified   Band-­‐Sharing   approach   are  
comparable  with   other   studies  with  microsatellite  
loci   (Congiu   et   al.   2011;   Boscari   &   Congiu   2014)  
with   the   improvement   that   all   ambiguities   were  
completely  solved,   in   fact,  no  animals  were  multi-­‐
allocated.   This   also   confirmed   that   the   7   loci  
selected  for  the  analysis  present  a  good  resolution  
power  for  parental  allocation  procedures.    
Results   of   the   parental   allocation   confirmed   that  
the  V.I.P.  Stock  is  the  major  source  of  variability  for  
this  species.  Several  families  were  identified  and  a  
great  part  of  the  F0  parents  are  represented  within  
the   stock.   In   regards   to   the   relationships   among  
animals,   the  probability   to   select   for   reproduction  
two   related   individuals   by   chance   is   very   low  
(5,6%),  compared  to  the    35%  estimated  for  the  A.  
naccarii   Stock_1,   reared   by   the   Ticino   River   Park  
(Boscari  &  Congiu  2014).   This   is  well  described  by  
the   lower   values   of   diversity   indices   Hf   and   Bi  
indicating   a   high   degree   of   genetic   homogeneity  
and   a   low   number   of   families   in   the   Stock_1.  
However,   these  animals,   that   taken  alone  are  not  
recommendable   as   ex   situ   brood-­‐stock,   include  
families   absent   or   under-­‐represented   in   the  V.I.P.  
Stock.   Anticipating   the   desirable   collaboration  
between  subjects  involved  in  the  Adriatic  sturgeon  
conservation   through   the   exchange   of   animals  
between   plants,   in   the   present   study,   all   the  
interesting   animals   were   included   regardless   of  
their  location.    
Another   important   aspect   emerged   by   the  
characterization  of  the  F1  stock  is  the  detection  of  
interspecific   hybrids   with   A.   transmontanus   or   A.  
gueldenstaedtii,   thus   highlighting   the   importance  
of   a   careful   assessment   of   species   purity   before  
any  conservation  action.  
The   recruitment  of  new  breeders   from  the  wild   is  
not   possible   for   the   Adriatic   sturgeon   but,   given  
the  presence  of   some  still  alive   individuals  of  wild  
origin,  we   propose   a   priority   short-­‐term   breeding  
program   to   be   attempted   with   these   F0   animals.  
Most   of   them   were   never   mated   and   a   their  
successful  reproduction  would  represent  a  relevant  
contribution   to   the   future   diversity   of   the   captive  
stock   of   this   species.   However,   the   absence   of  
reproduction   events   in   captivity   of   these   animals  
might   be   due   to   a   low   reproductive   value.   This  
would   probably   preclude   the   possibility   to  
successfully  reproduce  these  individuals  also  in  the  
future.   The   fact   that   most   survived   animals   were  
never   reproduced   also   suggests   that   longevity   of  
individuals   used   for   artificial   reproductions   might  
have   been   negatively   impacted   either   by  
physiological   costs   for   reproduction   itself   or   by  
hormonal  induction.    
Considering   the   low   chances   of   successful  
reproduction   of   these   animals   and   their   limited  
number,  most  efforts  were  devoted  to  developing  
a  long-­‐term  breeding  strategy  involving  families  of  
F1  generation.  Dealing  with  sturgeons,   in   fact,   the  
difficulties   to   have   a   given   animal   available   for  
reproduction   when   needed   makes   a   breeding  
program  based  on  single  individuals  unfeasible.  For  
this   reason,   the  program  here  proposed  considers  
the   entire   families   as   breeding   entities,   assuming  
that  at  least  some  of  the  individuals  of  each  family  
are  ready  for  reproduction  every  year.  
The   program   starts   with   the   exclusion   of  
combinations   between   families   possibly   sharing  
one  parent  based  on  a   threshold   value  of   genetic  
distance.  Doing  this,  also  family  combinations  with  
no   shared   parents   but   with   a   genetic   distance  
lower   than  0,35  are  excluded.  These  probably  are  
combinations  of  families  whose  F0  parents,  even  if  
different,   were   more   similar   than   average.   This  
allow   to   minimize   possible   errors   due   to   the  
͞founder  assumption͟ ŝŶǁŚŝĐŚǁŝůĚ ĨŽƵŶĚĞƌƐŽĨĂ
captive   population   are   assumed   to   be   equally  
unrelated.    
In  the  establishment  of  F2  brood-­‐stock  we  decided  
to   plan   the   retention   of   20   adult   individuals   for  
each  new  family  produced.  Taking  into  account  the  
79  |  P a g .   
  
rates   of   mortality   during   the   different   years   and  
considering  that  in  our  model  we  plan  to  produce  3  
different  family  combinations  per  year  (as  imposed  
by   logistical   constraints   of   the   hatchery   we  
considered   in   the  model),   this  means  that  at   least  
141   individuals   should  be   retained   (Fig.  3a)  at   the  
beginning   of   the   third   year   of   age,   immediately  
after  tagging.  The  rest  of   the  animals  can  be  used  
for  restocking  purposes  (Fig.  3b).    
The  choice  of  keeping  separated  for  two  years  the  
animals   produced   by   different   family  
combinations,   until   the   moment   of   tagging,   will  
allow  to  track  the  pedigree  of  every  single  animal.  
In   turn,   it   provides   useful   information   for  
monitoring  the  releasing  program  or  for  managing  
the  following  generation  of  captive  brood-­‐stock.  In  
the  model  presented  in  Figure  3,  one  individual  per  
family  is  crossed  and,  the  relatively  low  number  of  
releasable   animals   per   year   is   given   by   the   initial  
number   of   eggs   and   by   mortality   rates   acting   at  
different   developmental   stages.   A   simple   way   to  
increase   this  number,   keeping   separated  different  
family   combinations,   is   to   increase   the  number  of  
breeders  of  the  same  family,  thus  allowing  to  pool  
their   fingerlings.   This   would   also   increase   the  
efficiency   of   allele   transmission   guaranteeing   that  
all  the  F0  alleles  of  each  family  are  inherited  by  F2  
generation   as   confirmed   by   simulations.   The  
suggested   minimum   number   of   3   individuals   per  
family   is   often   hard   to   be   reached   for   several  
reasons   among   which   the   small   size   of   some  
families   or   the   discontinuous   availability   to  
reproduction  of  breeders  (mainly  true  for  females).  
In   this   latter   case,   ŝĨ ƚŚĞ ͞ƉƌŝŽƌŝƚǇ ĨĂŵŝůǇ͟ ŝƐ ŶŽƚ
available,   one   possibility   is   to   postpone   the   cross  
to   the   following   reproductive   seasons   and   to  
slightly  modify   the   priority   order.   If,   on   the   other  
hand,   the   unavailable   individuals   belong   to   the  
͞ŵĂƚŝŶŐ ĨĂŵŝůǇ͕͟ ŽŶĞ ƉŽƐƐibility   is   to   save   the  
ƉƌŝŽƌŝƚǇŽƌĚĞƌĂŶĚƚŽƐĞůĞĐƚĂŶĂůƚĞƌŶĂƚŝǀĞ͞ŵĂƚŝŶŐ
ĨĂŵŝůǇ͟ĐŚŽŽƐŝŶŐƚŚĞŶĞǆƚŵŽƌĞĚŝƐƚĂŶƚ͘  
Given   the   high   economical   and   logistical   costs   of  
maintaining  each  F2  family  in  separated  ponds,  any  
expedient   to   overcome   this   problem   would  
represent   an   improvement.   One   possibility   could  
be  to  pool  all   the  animals  obtained  from  different  
family   combinations   of   the   same   year   and,   if  
needed,   to   perform   a   parental   analyses   in   the  
future.  The  parental  allocation  would  be  simplified  
by   the   low   number   of   crosses   performed   in   the  
same  year  (traceable  by  the  tag)  and  consequently  
by  the  restricted  number  of  possible  parents.  
The  two  alternative  approaches  for  selection  of  the  
͞ŵĂƚŝŶŐ ĨĂŵŝůǇ͟ ;͞ZĂŶĚŽŵ͟ ǀĞƌƐƵƐ ͞DĂǆŝŵƵŵ
ŝƐƚĂŶĐĞ͟Ϳ ǁĞƌĞ ƚĞƐƚĞĚ ƚŚƌŽƵŐŚ Ɛŝmulations   in  
order   to   asses   which   one   allows   a   better  
representation  of   the  parental  generation.  Results  
show   that   on   the   long   run   the   two   approaches  
tend   to   give   similar   results.   On   the   other   hand,  
after  a   limited  number  of   crosses,   the  percentage  
of   alleles   successfully   transmitted   in   the  
͞DĂǆŝŵƵŵŝƐƚĂŶĐĞ͟ĂƉƉƌŽĂĐŚƚĞŶĚƐƚŽďĞŚŝŐŚĞƌ͘
DŽƌĞŽǀĞƌ͕ ƚŚĞ ͞ZĂŶĚŽŵ͟ ƐĞůĞĐƚŝŽŶ ĂƉƉƌŽĂĐŚ
clearly   show   a   higher   standard   deviation   on   100  
replicates  confirming  its  lower  reliability  in  the  case  
of  short-­‐term  programs  .  This   is  expected  because  
ƵŶĚĞƌ ͞DĂǆŝŵƵŵ ŝƐƚĂŶĐĞ͕͟ ĨĂŵŝůŝĞƐ ǁŝƚŚ ůŽǁ
allele   sharing  are  preferentially   combined  and   the  
variety  of   transmittable   alleles   tends   to  be  higher  
ƚŚĂŶƵŶĚĞƌ͞ZĂŶĚŽŵ͟ĂƉƉƌŽĂĐŚ͘  
In  our  case,  with  a  low  number  of  crosses  feasible  
per   year   and  with   the   uncertainty   of   a   long   term  
financial   support,   the   distance-­‐based   approach   is  
to  be  preferred.    
Four   families   with   unknown   ancestor   were   also  
ŝŶĐůƵĚĞĚ ŝŶ ƚŚĞ ͞breeders   unit͟ ƚŽ ĞŶƐƵƌĞ ƚŚĞ
genetic   contribution   of   their   parents   that   were  
died  before  the  first  F0  characterization.  These  not  
allocated   animals   were   genotyped   at   7   loci   only,  
which  was  enough  to  infer  the  full  sib  relationships  
but   not   for   a   reliable   estimation   of   the   generic  
distances   from  the  other   families.  For   this   reason,  
these  families  were  given  a  priority  order  and  one  
crosses  was  planned,  but  were  excluded   from  the  
families  selectable  as  mating  pair  based  on  genetic  
distances.   Consequently,   for   these   families   only  
one  cross  was  planned.  
  
Conclusion  
The   present   work   represents   the   first   breeding  
plan   for   the  Adriatic  sturgeon  based  on  a  detailed  
genetic   characterization  and  can  be  considered  as  
a   reference   guideline   for   all   conservation   actions  
based   on   controlled   reproductions   of   this   species  
and  possibly  of  other  tetraploid  sturgeons.    
Presently,   several   local   administrations   are   active  
in  the  attempt  of  recovering  the  Adriatic  sturgeon  
in  its  historical  natural  range.  Unfortunately,  these  
actions   are   often   represented   by   short-­‐term  
programs  and  are  completely  disjointed.  Providing  
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a  common  program  that  can  connect  the  different  
actions,  keeping  save  their  identity,  represents  the  
first   step   towards   the   only   possible   responsible  
way  represented  by  the  concerted  management.    
The  plan  here  proposed   is   in   line  with  the  general  
consideration   of   the   captive   breeding   as   a  
temporary   solution  with   the   final   aim   to   retain   in  
captivity  only  small  brood-­‐stock,  representatives  of  
the   genetic   variability   of   the   species.   Hence,   the  
future   perspectives   are   the   optimization   of   the  
release   practices   to   reach   self-­‐sustaining  
populations   in   semi-­‐wild   and   thus   wild  
environment.   Additionally,   for   what   concern   the  
Adriatic   sturgeon,   important   actions   at  
environmental   level   are   urgently   needed   such   as  
the   restoration   of   river   connectivity   and   of  
spawning  sites.  
The   above   described   breeding   program   was  
planned   without   taking   into   account   the   several  
unpredictable  troubles  that  can  arise  when  dealing  
with   sturgeons,   such   as   the   temporary  
unavailability   to   reproduction.   For   this   reason  we  
suggest   to   consider   this   breeding   plan   as   a   main  
guideline   to   be   tentatively   followed   allowing   fine  
tuning  along  the  way.  
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Abstract
Background: Sturgeons are a group of Condrostean fish with very high evolutionary, economical and conservation
interest. The eggs of these living fossils represent one of the most high prized foods of animal origin. The intense
fishing pressure on wild stocks to harvest caviar has caused in the last decades a dramatic decline of their
distribution and abundance leading the International Union for Conservation of Nature to list them as the more
endangered group of species. As a direct consequence, world-wide efforts have been made to develop sturgeon
aquaculture programmes for caviar production. In this context, the characterization of the genes involved in sex
determination could provide relevant information for the selective farming of the more profitable females.
Results: The 454 sequencing of two cDNA libraries from the gonads and brain of one male and one female full-sib
A. naccarii, yielded 182,066 and 167,776 reads respectively, which, after strict quality control, were iterative
assembled into more than 55,000 high quality ESTs. The average per-base coverage reached by assembling the two
libraries was 4X. The multi-step annotation process resulted in 16% successfully annotated sequences with GO
terms. We screened the transcriptome for 32 sex-related genes and highlighted 7 genes that are potentially
specifically expressed, 5 in male and 2 in females, at the first life stage at which sex is histologically identifiable. In
addition we identified 21,791 putative EST-linked SNPs and 5,295 SSRs.
Conclusions: This study represents the first large massive release of sturgeon transcriptome information that we
organized into the public database AnaccariiBase, which is freely available at http://compgen.bio.unipd.it/
anaccariibase/. This transcriptomic data represents an important source of information for further studies on
sturgeon species. The hundreds of putative EST-linked molecular makers discovered in this study will be invaluable
for sturgeon reintroduction and breeding programs.
Background
Sturgeons (order: Acipenseriformes, infraclass: Chond-
rostei) are a very ancient fish group distributed in the
Palearctic hemisphere with about 25 species, most of
which are considered to be on the brink of extinction [1].
Their conservation importance has led to the inclusion of
all the species in the red list of the International Union for
the Conservation of Nature (IUCN) and to commercial re-
strictions under the Convention for International Trading
of Endangered Species (CITES). These fish are also
interesting from a biological standpoint, presenting peculi-
arities that make the characterization of their transcrip-
tome worthwhile. Often referred to as living fossils,
sturgeons very ancient separation from teleosts occurred
over 250 Mya [2], placing them in a key phylogenetic pos-
ition for evolutionary studies on vertebrates. A second
aspect of interest is related to the ploidy of sturgeons. Dif-
ferent species are characterized by different degrees of
ploidy which are the result of multiple and independent
duplication events [3-5].
Sturgeon species can be divided into two main groups
based on their number of chromosomes: the first having
approximately 120 and the second approximately 240
chromosomes. The level of ploidy to be ascribed to each
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chromosome number is still being debated. Some authors
consider species of the two groups to be diploid and tetra-
ploid respectively [6] while others attribute the tetra/octo-
ploid condition to the same groups [7]. In this paper we
characterised the transcriptome of the Adriatic sturgeon
(Acipenser naccarii) which belong to the 240 chromo-
somes group [8]. A detailed transcriptome investigation of
a polyploid sturgeon species will become crucial to assess
the functional reduction of ploidy once the genome will
be sequenced or once either the trancriptome of a 120
chromosomes species will be available. Following a
polyploidization event, in fact, the redundant genetic ma-
terial experiences a functional reduction which can be
monitored by analysing the transcribed part of the gen-
ome [9].
The high economic value of these animals adds an-
other aspect to the characterisation of the transcriptome
of a sturgeon species. Sturgeon eggs, sold as caviar, are
one of the most valuable products in international food
trade [10] and their very high monetary value is the
main cause of the extremely-endangered status of most
sturgeon species. In response to the rapid decline of nat-
ural populations, aquaculture production of caviar is
rapidly increasing. One of the main problems for aqua-
culture caviar producers is that 50% of the animals are
profitless males which need to be discarded from pro-
duction as quickly as possible to minimise expenditure
and maximise space. However, sex discrimination in
sturgeon farming for caviar production can only be
performed by ultrasound analysis after 4 or 5 years. The
rearing of males can, thus, represent up to 30% of total
farming costs [11]. A genetic identification of the sexes
at an early life stage based on PCR techniques could,
therefore, contribute to lowering the costs of caviar pro-
duction in aquaculture and have knock-on effects in
both farming and conservation. Aquaculture activity
would significantly benefit from this possibility and
poaching on natural populations would consequently be
reduced.
There are good indications that sex is genetically deter-
mined in sturgeon [11,12] however, genomic screening
performed with the aim of identifying a sex marker has
not, as yet, yielded satisfactory results [11,13]. Knowledge
of which genes are involved in sex differentiation in stur-
geons is limited and analyses at the transcriptome level of
the expressed genes at the first stage at which sex can be
histologically determined could contribute to expanding
the knowledge base.
In a March 2010 press release, IUCN identified stur-
geons as the world's most endangered group of animals
with 85% of the species being at risk of extinction. For
the very low numbers of wild breeders, future resto-
ration efforts must rely on ex situ conservation strategies
through the setup of long-term breeding programs. The
availability of a high number of genetic markers to gua-
rantee adequate genetic support to releasing activities,
through parental allocation and traceability of the
hatchery of origin, become important in this context.
Moreover, the availability of EST-linked markers yielded
by transcriptome characterisation may provide a suitable
tool for the identification of footprints of selective pres-
sures in the released stocks, due to natural or anthropo-
genic stress.
The present paper reports the first characterisation of
the Adriatic sturgeon transcriptome obtained by 454
titanium sequencing. We provide the results of the com-
parison of one male and one female library. Finally we
characterized microsatellite and SNPs loci to be employed
for conservation purposes.
The results of this characterization have been organized
in a public database which represents to our knowledge




Two one-quarter picotiter plates of a 454 FLX sequen-
cing run generated 154,882 and 176,703 reads from the
A. naccarii male (cDNA3) and female (cDNA4) respec-
tively. FastQC [14] overview of raw sequences showed
that mean per-base quality remains above 24 for the first
350 bp and, thereafter, drops rapidly towards the end of
the reads (data not shown). The cleaning process was
passed by 99% of the reads from each library, yielding a
total of 110.25 Mbp of cleaned sequences with an aver-
age length of 336 bp and mean Phred quality of 28. The
main features of the sequences that passed the prepro-
cessing step are summarized in Table 1 while their
length distribution is plotted in Additional file 1. The
mean GC content calculated for the whole dataset was
37.92%. GC content across sequence length follows a nor-
mal distribution thus discarding the hypothesis that sys-
tematic bias was present (data not shown). As expected,
more than 50% of the total sequences (121,467 sequences)
were 400 bp or longer.







Total number of raw reads 154,882 176,703 331,585
Total number of cleaned reads 153,215 175,198 328,413
Percentage of cleaned reads 99.00 99.00 99.00
Median length (bp) 376 354 365
Average GC content in percentage 37.77 38.06 37.92
Total length of cleaned reads (Mb) 52.91 57.34 110.25
Average phred quality of cleaned reads 28 28 28
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The first round of MIRA assembled 256,738 reads
(77.43% of the total cleaned reads) into 44,232 contigs
and 16,593 singletons. The first assembly resulted in
27.62 Mbp of total consensus, composed of 60,825 se-
quences with an average length of 454.14 bp, average
Phred quality of 39, a mean GC content of 38.47% and
an average coverage of 4.22 reads. More details about
the generated contigs and singletons are reported in
Table 2. In the second round MIRA reassembled 6,242
contigs (14%) and 3,504 singletons (21%) from the pre-
vious assembly into 4,203 metacontigs, with an average
coverage of 2.32 sequence/metacontig (Table 3).
Finally the two assembly runs were merged giving a total
of 55,282 sequences, 42,193 contigs plus metacontigs
(21.87 Mbp) and 13,089 singletons (3.91 Mbp). This
resulted in a 9.11% sequence reduction compared to the
first assembly as clearly illustrated by Figure 1. Overall,
the sequences of this final dataset were characterized by a
mean length of 466 bp, an average Phred quality of 40 and
a mean coverage of 4.64 reads. GC content remained the
same as in the first assembly (details relating to contigs
and singletons are shown in Table 2). Changes in length
and quality distribution of contigs from the first to the
second round assembly are shown in Additional file 2 and
Additional file 3 respectively.
We performed the iterative assembly process being
aware that some degree of assembly accuracy is lost. In
fact, by forcing MIRA to resolve ambiguous positions by
choosing a consensus, the probability of losing rare tran-
scriptional variants is increased. However, two assembly
cycles were performed for two reasons: 1) we were
interested in having a general overview of genes
expressed in A. naccarii by minimizing redundancy, and
2) information on rare variants can be traced back,
realigning all the original reads on the corresponding
contigs. After assembly, all reads of origin were aligned
against belonging contigs and metacontigs, obtaining a
multiple alignment for each of them. The distribution of
the average coverage observed in the contigs and
metacontigs from the first and final assemblies are
reported in Additional file 4. Pair-wise relationships
between sequence length, number of reads per contig
and average sequence quality after the two assemblies
are shown in Additional file 5. All contigs and cleaned
reads are provided within the AnaccariiBase database,
available at the web page: http://compgen.bio.unipd.it/
anaccariibase/. From here on, we will no longer make
any distinction between contigs and metacontigs and
both will be indicated simply as contigs.
Functional annotations
De novo annotation of A. naccarii transcriptome was
performed with multi-step procedure starting from simi-
larity search against gender specific nucleotide se-
quences, main protein and nucleotide databases, full
transcribed and protein sequences from other fishes in
Ensembl database.
BLAST against sequences available from the genus
Acipenser
The comparison of A. naccarii sequences with 6,088
ESTs for the genus Acipenser already available revealed
8,804 A. naccarii contigs (15.93%) matching 2,047 dif-
ferent subjects (33.62%). The limited percentage of
matching sequences can probably be ascribed to the dif-
ferent tissues of origin: gonad and brain in the Adriatic
sturgeon, and mainly pituitary gland, skin and spleen in
the reference database.
Table 2 Contigs and singletons summary statistics for
first round and final assembly by MIRA of A. naccarii
transcriptome
Round 1 Final assembly
Reads assembled (#) 256,738 256,738
Reads assembled (%) 77.43 77.43
Total contigs (#) 44,232 42,193
Contigs (%) 72.72 76.32
Total contigs length (Mb) 22.64 21.87
Average contigs length (bp) 511.89 518.29
Average contigs GC content (%) 38.49 38.83
Average contigs quality (phred) 43 43
Average contigs coverage (bp/position) 3.2 4.09
Total singletons (#) 16,593 13,089
Singletons (%) 27.28 23.68
Total singleton length (Mb) 4.98 3.91
Average singleton length (bp) 300.19 298.55
Average singleton GC content (%) 38.39 38.46
Average singleton quality (phred) 28 28
Table 3 Metacontigs summary statistics after the second
round assembly by MIRA
Round 2
Total metacontigs (#) 4,203
Reassembled contigs (#) 6,242
Percentage of reassembled contigs 14.11
Reassembled singletons (#) 3,504
Percentage of reassembled singletons 21.12
Total consensus metacontig (Mb) 2.95
Metacontig average length (bp) 700.94
Percentage of metacontig average GC content 38.83
Metacontig average consensus quality (phred) 45
Metacontig average coverage (bp/position) 1.66
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BLASTX against the main protein sequence databases
The comparison of contigs and singletons to the NCBI
non-redundant protein database (nr) using BLASTX,
came out with 9,850 contigs and 2,339 singletons
(22.05% of total sequences) matching 9,433 different
known or predicted proteins. The taxonomic classifica-
tion of hits from the nr database, by species, is repre-
sented in Figure 2.
BLASTX search in Swiss-Prot section of the UniProtKB
database, identified 11,088 transcripts (20.06%) with sig-
nificant matches against 7,111 different well-annotated
proteins.
BLASTN against the main nucleotide database
The BLASTN search against the NCBI nucleotide
database (nt) identified significant similarity for 10,195
Figure 1 Redundancy reduction after two assembly rounds with MIRA for A. naccarii data. Graphical representation of the contigs and
singletons built in the first assembly round, which were re-assembled as metacontigs in the second round, and then joined to get the final assembly.
Figure 2 Taxonomic classification of A. naccarii contig annotations. Assignment of annotations obtained from BLASTX and BLASTN
comparisons (e-value 1e-03) of contigs against NCBI nr and nt databases to different species was performed with MEGAN 4, based on the
absolute best BLAST hits. The bar chart shows contigs annotated with the 24 more-represented species in annotations from nr. The contribution
of annotations from nt, for the same species, is marked in red. “Others” includes the 34 species less represented in nr annotations.
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transcripts (18.44%) with 4,509 different subjects.
Among sequences with a significant match against nt,
5,366 had not previously been matched against nr and
Swiss-Prot databases. Considering all the BLAST
searches performed so far, a total of 17,734 ESTs
obtained at least one hit, representing 32% of the Ad-
riatic sturgeon transcriptome.
Evaluation of the unannotated fraction
A total of 43,093 non-redundant transcripts remained
unannotated after the BLAST search against the nr data-
base. ORF prediction showed that 41,935 of these se-
quences (97.31%) contain a putative open reading frame.
Evolutionary comparison with other fishes
The non-redundant contigs of the two A. naccarii
libraries were compared to Ensembl release 66 complete
cDNA sets for the species of the RS-list.
TBLASTX and BLASTX best hit results are collected in
Tables 4 and 5 respectively. The fraction of A. naccarii
transcripts that identify putatively orthologous genes in
other fish and humans reflects the phylogenetic distance
between A. naccarii and other species. The two non-
teleost species on the RS-list, the Sea Lamprey and the
Coelacanth, share a higher fraction of genes 33.49% and
30.57% respectively as also confirmed at the protein level
(31.97% and 29.24%). A possible explanation for this fin-
ding is that these two species separated from the ancestor
of teleosts before the Whole Genome Duplication (WGD)
known to have interested the teleost clade [15]. Part of the
newly-formed genetic material is known to have persisted
after duplication, possibly evolving new functions and thus
becoming unrecognisable by sturgeon ESTs. This process
of gene diversification results in a reduction of the per-
centage of detectable genes in teleosts. However, a careful
analysis of the matching transcripts and proteins should
be performed to confirm this hypothesis.
In any case, the number of putatively orthologous
genes matched by A. naccarii transcripts in other species
is expected to be influenced not only by the genetic
similarity among species but also by different parameters
such as the accuracy of the genome characterisation in
the different species used for the comparison and their
evolutionary history in which, for example, different mu-
tation rates may play an important role. In fact, different
lines of Osteichthyes are known to have very different
evolutionary rates as a result of different factors such as
metabolic features or generation times [16]. These diffe-
rences may deeply affect the number of genes that can
be recognized as orthologous among species. Zebrafish
seems to share fewer genes (22.89% through transcripts
and 22.42% through proteins) with A. naccarii than do
other teleosts but, the fraction of the A. naccarii
matching ESTs is comparable to other species. The con-
clusion is that the Danio genome seems to have a higher
number of genes. However this could have a different
explanation: first, the number of genes is actually higher
according to the high level of genes retention after the
WGD hypothesized for this species [17] second, more
simply, this result is biased by the more complete
genome characterization for this model organism.
Evaluation of the non-coding RNA component
NcRNA are implicated in every step of gene expression.
To discover and annotate potential non-coding RNAs in
our transcriptome (miRNA, rRNA, MtrRNA, snoRNA,
lncRNA), we searched for genes corresponding to non-
coding RNA from genomes of the fish species described
above, using BLASTN. Alignment results are collected
in Table 6. The highest number of alignments was found
against miRNA sequences from the 4 teleosts, in par-
ticular in Medaka, whose 9 miRNA were found to be
homologous in sturgeon. Mitochondrial and ribosomal
RNA were next in abundance. Surprisingly, 11 rRNA
pseudogenes from humans were found to be homolo-
gous in A. naccarii. The alignment method used here
can underestimate the number of ncRNA detected as
different types of ncRNA have different degrees of se-
quence conservation between species, with miRNA and
snoRNA usually well-conserved while longer-functional
ncRNA are not [18]. Moreover, lncRNA elements tend
to maintain a consensus secondary structure through
Table 4 TBLASTX best hit (e-value < 1e-03) of A. naccarii
Lamprey Coelacanth Danio Stickleback Medaka Fugu Tetraodon Human
reference cDNAs (#) 11,476 21,958 48,636 27,628 24,662 48,003 23,265 180,654
reference genes (#) 10,449 19,174 27,948 20,839 19,687 18,685 19,749 47,266
A. naccarii ESTs with hit on reference cDNAs (#) 7,431 12,428 13,068 11,528 11,270 11,143 10,886 12,740
A. naccarii ESTs with hit on reference cDNAs (%) 13.44 22.48 23.64 20.85 20.39 20.16 19.69 23.05
reference genes identified (#) 3,499 5,862 6,396 5,710 5,565 5,447 5,429 6,116
reference genes identified (%) 33.49 30.57 22.89 27.4 28.27 29.15 27.49 12.94
Sequences from known-, novel- and pseudo-gene predictions, from Ensembl realise 66, were collected for the following species: Petromyzon marinus, Latimeria
chalumnae, Danio rerio, Gasterosteus aculeatus, Oryzias latipes, Takifugu rubripes, Tetraodon nigroviridis and Homo sapiens. A. naccarii transcriptome sequences were
searched against each database. For each sequence, the best hit was annotated.
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compensatory base mutations and, therefore, are difficult
to detect by sequence alignments alone [19].
GO annotation
We started the GO annotation from the BLASTX results
against nr. GO terms were retrieved from the association
to best-hit for 10,036 (18.15%) of the overall 55,282 A.
naccarii sequences. Protein domains and motif informa-
tion were retrieved by InterProScan via Blast2GO and
corresponding annotations were merged with already
existent GO terms. A total of 29,671 contigs provided
significant InterProScan information, with only 3,326 of
them resulting in GO annotation. After merging, 6,344
unique GO terms (3,811 for biological process, 758 for
cellular component, 1,775 for molecular function), were
successfully transferred to 8,784 contigs (16%). As
expected, the evidence code distribution shows an over-
representation of electronic annotations (IEA), although
other non-automatic codes, such as Inferred from Direct
Assay (IDA) and inferred by mutant phenotype (IMP), were
also well represented (see bar-plot in Additional file 6).
A. naccarii ESTs were classified by GO-slims within
the biological process, molecular function and cellular
component domains and a Direct Acyclic Graph (DAG)
of the ontologies was generated. Figure 3 shows the
number of putative ESTs annotated with high-level GO
terms by cutting the DAG graph at level 3 for each of
the 3 domains. We also performed enzyme code (EC)
annotation through Blast2GO for sequences with GO
annotations and retrieved KEGG maps for the metabolic
pathways in which they participate. In total 3,634 ESTs
were annotated with 448 ECs that identify unique
enzymes, participating in 116 different pathways (see
Additional file 7). The most populated pathways are
“Purine metabolism” (map 00230) with 33 enzymes in-
volved, “Arginine and proline metabolism” (map 00330)
with 25 enzymes and Glycolysis/Gluconeogenesis (map
00010) with 22 enzymes.
Estimation of sequencing completeness
To evaluate the coverage of the cDNA libraries by reads, a
rarefaction analysis similar to that described in [20] was
employed. The extrapolation from the hyperbolic model,
fitted onto the average points, obtained by the 10 replica-
tions of sampling and reference transcript identification,
using reads from the male library only, showed that 7,293
different transcripts were potentially identifiable in the
Danio cDNA set (asymptote “a” of the model function).
The 6,043 different transcripts actually identified using
all reads represents 83% of the theoretical maximum.
The angular coefficient calculated at final read count
was 0.157. Using reads from the female library only, the
number of transcripts actually identified was 5,989,
which, compared to the 7,176 maximum transcripts
identifiable at infinite sequencing, represents 83% of the
total. The slope at the final read count was 0.145. Fi-
nally, putting together reads from both libraries, the
model-based extrapolation denoted 8,262 different
transcripts potentially identifiable, and the 7,286 ac-
tually identified represents 88%. The three extrapolated
curves are shown in Additional file 8. As expected, the
slope at maximum read count was 0.140.
Table 6 BLASTN best hit (e-val < 1e-03) of A. naccarii transcriptome against non-coding RNA genes from Ensembl
database
Lamprey Coelacanth Danio Stickleback Medaka Fugu Tetraodon Human
reference ncRNA (#) 2,628 2,918 4,431 1,617 735 703 813 9,399
A. naccarii ESTs with hit (#) 4 17 28 29 19 21 31 62
A. naccarii ESTs with hit (%) 0.01 0.03 0.11 0.05 0.05 0.03 0.04 0.06
reference ncRNA identified (#) 4 7 11 11 11 7 13 23
reference ncRNA identified (%) 0.15 0.24 0.25 0.68 1.5 1 1.6 0.24
All non-coding RNA genes and pseudogenes in Ensembl realise 66 for the different species were searched against A. naccarii transcriptome.
Table 5 BLASTX best hit (e-value < 1e-03) of A. naccarii
Lamprey Coelacanth Danio Stickleback Medaka Fugu Tetraodon Human
reference proteins (#) 11,429 21,817 41,693 27,576 24,661 47,841 23,118 97,041
reference genes (#) 10,402 19,033 26,160 20,787 19,686 18,523 19,602 21,860
A. naccarii ESTs with hit on reference proteins (#) 7,052 11,264 11,530 11,010 10,816 10,766 10,359 11,102
A. naccarii ESTs with hit on reference proteins (%) 12.76 20.38 20.86 19.92 19.57 19.47 18.74 20.08
reference genes identified (#) 3,326 5,565 5,865 5,526 5,403 5,346 5,283 5,478
reference genes identified (%) 31.97 29.24 22.42 26.58 27.45 28.86 26.95 25.06
Best hits from the alignment of A. naccarii transcriptome sequences against all translations from known-, novel- and pseudo-gene predictions in Ensembl realise
66 for the different species considered in this work.
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Further analysis, exemplified in Additional file 9,
showed that by changing the reference cDNA datasets,
the absolute value of the potentially identified transcripts
and those actually identified changes, but the ratio bet-
ween these quantities remains nearly constant. There-
fore, the latter ratio is a robust value indicating the
fraction of the cDNA libraries really sequenced.
Estimation of transcriptome completeness
To estimate the total number of A. naccarii transcripts
potentially present in the two tissues (gonads and brain),
we adapted the capture-recapture method widely used in
ecology to estimate animal population sizes [21]. This
method requires a precise estimate of the fractions of
ESTs that can be considered common between the male
and female libraries (see method). Since, before joint as-
sembly, each read was labelled with the library of prove-
nance, final contigs were classified according to the origin
of their reads as being cDNA3-specific, cDNA4-specific or
common [22]. First, we separated 17,399 cDNA3-specific
contigs from the male library (31% of the total) and
17,523 cDNA4-specific contigs from the female library
(32% of the total). The direct subtraction between the two
groups of library-specific contigs isolated 394 contigs
showing mutual alignments from each fraction. The
indirect subtraction identified 41 cDNA3-specific and 38
cDNA4-specific contigs, that aligned on 85 common
subjects. Finally, using NCBI nr as the common data-
base, we identified an additional 13 cDNA3-specific and
12 cDNA4-specific contigs which map onto the same
10 protein sequences. After all subtractions, 16,951
cDNA3-specific and 17,079 cDNA4-specific contigs
remained, that may represent potentially sex-distinctive
transcripts.
With the Rcapture R package we estimated the tran-
scripts population size to be 68,904 with a standard error
of 210. This means that we have probably sequenced
about 80% of the total transcripts in the two tissues of A.
naccarii. Additional redundancy could still be present in
the common contig fraction (despite attempts to reduce it
in the assembly phase), which would have increased the
estimated total number of transcripts in the tissues of
origin. By adopting the capture-recapture approach we are




Figure 3 Distribution of Gene Ontology categories for A. naccarii ESTs, across the three domains. A. naccarii ESTs were classified into
different groups on the basis of generic GO-slim annotations. The bar-plot represents the categories corresponding to level 3 of the DAG graphs
built for biological process (a), molecular function (b) and cellular component (c) domains.
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over-estimate of the real fraction of captured transcripts.
In fact, the procedures used for the identification of the
transcripts common to both libraries may cause some bias
due, for example, to a non-correct identification of gene
families or to different variants of duplicated genes,
especially when dealing with a tetraploid species like A.
naccarii. Moreover, the assumption that the two fish share
the same transcriptomes might be bold because the diffe-
rent genders of the two animals could be responsible not
only for different genes directly involved in sex determi-
nation but also, for example, for differences in the devel-
opmental rate. Nevertheless, we think that the approach
here proposed, even if indicative when applied to a single
comparison, might be very useful for comparative analyses
of multiple libraries with the purpose of estimating the
relative completeness, especially if obtained by the same
sample.
The transcriptome completeness was also evaluated, as
noted above, by searching for constitutively-expressed
mitochondrial genes. Of the 12 polypeptide coding genes
of the white sturgeon Acipenser transmontanus mito-
chondrial genome, 11 were found in our assembly. Only
the gene for ATPase subunit 8 was missing. Contigs that
aligned with these genes showed between 93 and 100%
identity.
Search for sex-determining genes
We evaluated the presence of 32 candidate genes known
to be involved in sex determination and sexual develop-
ment in vertebrates by queering the transcriptome with 3
collections of orthologs and paralogs for those genes
(Ensembl Compara, Homologene, Acipenser-specific
genes, see methods). The first collection represents the
largest variety of annotated homologous (orthologs and
paralogs), from sequenced genomes, categorised in
Ensembl Compara. The second collection is represented
by clusters of more specific orthologs, downloaded from
NCBI HomoloGene [23]. The third group of sequences is
a collection of complete or partial CDSs from other stur-
geon species of the genus Acipenser available in NCBI
GenBank. The use of large collections of putative
orthologs and paralogs maximizes the possibility of
detecting homologues. In contrast, restricted collections
of reliable homologues allow a higher confidence on the
match they find. If a contig is confirmed as the best sub-
ject for a given gene in searches of all trees, then we can
be more confident about its identity.
Significant matches were found for 22 of the 32 genes
investigated. The alignments of matching contigs were
manually inspected to exclude false-positive matches
exclusively due to the presence of widespread protein
domains. A complete list of the best matching contigs
considered to have a reliable similarity against the 22
genes recognised is contained in Additional file 10. A
similar transcriptomic screening for genes involved in
sex differentiation was performed on the lake sturgeon
(A. fulvescens) [24]. The authors report positive matches
for 12 genes (SOX2, SOX4, SOX17, SOX21, SOX9,
DMRT1, RSPO1, WT1, WNT4, FOXL2, TRA-1, FEM1),
all but one included in our search list, the exception be-
ing TRA-1. All genes were also detected in A. naccarii
with the exceptions of DMRT1 and WNT4. Positive
matches with SOX genes (SOX2, SOX4, SOX21) were
discarded after manual inspection, because the same
contigs also matched other SOX genes with higher
scores. This multiple matching is due to the fact that
genes of the SOX family often share the conserved
High Mobility Group box domain and assignment
based on this domain makes for a less-reliable
identification.
The absence of the DMRT1 gene from both the A.
naccarii libraries is especially interesting and might be
due to the incomplete coverage. A second possibility is
that this gene is not expressed at the stage at which our
samples were collected. In fact, the animals analysed for
this project were six months old and were at an early
stage of gonad differentiation. This is, to our knowledge,
the first stage at which sturgeons, which cannot be sexed
visually, have unambiguous evidence of gonad differenti-
ation through fine histological investigation [25]. The
lake sturgeons analysed by Hale and colleagues [24] were
estimated to be 13 or 14 years old. All characterisations
of DMRT1 genes from other sturgeon species have been
performed on mature or sub-mature animals [24,26]. Fi-
nally, a low expression of this gene is displayed in the
Siberian sturgeon with no evident gonad differentiation
[27]. Thus, the absence of DMRT1 in the transcriptome
of the very young A. naccarii analysed would suggest
that this gene is expressed at a later stage of develop-
ment in this species (and probably in all sturgeons).
DMRT1 in known to play an important role as an acti-
vator of the genetic cascade of sex differentiation in
some other fish, such as Medaka [28]. Even if most of
the genes involved in sex determination are known to
act in a dosage-dependent manner [29], under the hy-
pothesis that sex differentiation in sturgeon is genetically
determined, one could expect that, at the origin of the
genetic cascades leading to the different genders, a sex-
linked genomic polymorphism occurs. For this reason,
special attention was given to the contigs observed to be
library-specific. Among the 22 genes detected, only 5
(WT1, LHX1, CYP19A1 (aromatase), FHL3, FEM1A)
and 2 (AR, EMX2), were found to be specific to male
(cDNA3) or female (cDNA4) libraries. These genes rep-
resent, in our opinion, interesting candidate transcripts
for experimental validation by PCR amplification. The
remaining fifteen genes were detected by contigs belong-
ing to the common fraction.
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Discovery of variants
At 90% Bayesian probability, we were able to identify
23,084 SNPs and 59,150 INDELs. After having filtered
out variants beside simple sequence repeats, 21,791
SNPs (94.04%) and 57,996 INDELs (98.05%) were
retained from 6,283 and 8,678 contigs respectively. Bet-
ween contig-containing variants, the average SNP per
contig was 3.5, while the mean INDELs per contig was
6.7. The mean frequency across all contigs was 1 SNP
every 1. Kbp, and 1 every 377 bp for the INDELs. We
identified 14,433 transitions (Ts) and 7,358 transversion
(Tv), thus confirming that transitions are more common
than transversions in our dataset [30].
We then classified SNPs that fell in predicted coding
regions according to the type of mutations: non-
synonymous (Ka) or synonymous mutations (Ks). Of the
overall contig-containing SNPs, we were able to identify a
putative ORF for 2,482 of them on the basis of the best
match against nr database, while for 3,786 an ORF was
predicted. Of the overall SNPs found in coding regions,
2,750 represented non-synonymous mutations while 1,056
were synonymous. We found that 1,280 contigs (2.32% of
all contigs) had Ka/Ks > 1 thus indicating genes putatively
under diversifying selection within our samples. On ave-
rage, we found 0.73 non-synonymous and 0.28 synony-
mous SNPs per contig in coding regions; this means one
non-synonymous mutation every 9 Kbp of coding portion,
and 1 synonymous mutation every 20.7 Kbp. Distribution
of SNPs and INDELs across contigs together with
distributions of Ka/Ks are shown in Figure 4. We also
scanned the entire EST set for Sample Sequence Repeats
(SSRs, also known as microsatellites), and we identified
5,295 SSRs present in simple formation, within a total of
4,670 (8%) contigs. In particular, we found 1,891 dinucleo-
tides, 2,377 trinucleotides, 1,001 tetranucleotides, 100
pentanucleotides and 45 hexanucleotides. The graph in
Figure 5 shows the frequency of repeat types found ac-
cordingly to unit size. Of the overall contig-containing
SSRs, 4,639 also contain a putative ORF. In total 1,779
SSRs are predicted within ORFs (33% of all identified
SSRs). This availability of a relevant number of EST-linked
microsatellites and SNPs represents a precious prerequis-
ite for sturgeon conservation genetics by providing the
possibility to monitor the effect of selection on captive
and released stocks.
AnaccariiBase: a free genomic resource for A. naccarii
Freely available at: http://compgen.bio.unipd.it/anaccariibase/,
AnaccariiBase contains A. naccarii transcriptome infor-
mation and results of bioinformatics analysis, organised
in different layers. The database is focused on contig se-
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Figure 4 Distribution of SNPs and INDELs across A. naccarii contigs. a) Bar-plot of the distribution of SNPs and INDELs in contig-containing
variants. Most contigs contain up to 5 variants. b) Bar-plot of log10 distribution of Ka/Ks for contig-containing SNPs that lie in predicted ORFs.
Contigs with Ka/Ks > 1 (log10 > 0) are proposed to be under diversifying selection in A. naccarii.
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contig ID and key-words. Moreover, it allows the user to
conduct a local BLAST search on the fly against contigs
to identify one or more transcript significantly similar
to a given query sequence. Furthermore the system pro-
vides a customizable data retrieval tool to download
large amounts of data. The information layers are de-
tailed hereafter. (1) Contig information. For each contig,
an ID is given together with the FASTA sequence and
an informative description, which is defined by the
Blast2GO natural language text mining functionality,
related to the BLAST hits. The best hit is used when a
Blast2GO description is unavailable. (2) Assembly. The
list of the reads assembled into each contig is accessible
to the user, together with their sequences. (3) Gene
Ontology. GO terms associated to each transcript are
given for Biological Process, Molecular Function, and
Cellular Component domains, with hyper-link to the
GO database. (4) BLAST results. Pre-calculated BLAST
results of contigs against the main nucleotide and pro-
tein databases, are shown in the classic BLAST output
format. Results are hyperlinked to the external data-
bases, and include alignment descriptions and details
about the pairwise alignments of each contig with the
corresponding BLAST hits.
Conclusions
The present study provides the first insight into the tran-
scriptome of the Adriatic sturgeon, a critically endangered
species endemic to the Adriatic Sea. More generally, this
is also the first large release of transcriptomic information
for a sturgeon species, shared through a dedicated and
searchable database. With over 55,000 high quality se-
quences, the information reported represents a significant
advance in sturgeon genetics. The apparently limited
fraction of successfully annotated sequences with GO
terms (16%) might be due to the very ancient separation
(about 250 MYBP) of sturgeons from any other species for
which a relevant genomic information is available. Ad-
ditionally, following the sturgeon-specific Whole Genome
Duplications [4] part of the redundant genetic information
probably underwent a functional divergence that may have
further decreased the fraction of successfully annotable
ESTs. Beside the evolutionary interest of a database ob-
tained from a member of the Chondrostean, certainly ap-
plied genetics studies on sturgeons will benefit from this
resource. The present paper also report the results of an
investigation on genes related to sex differentiation. Out
of the 32 genes investigated 7 were detected in only one of
the two libraries suggesting a possible differential expres-
sion between genders at this early stage of gonad differen-
tiation. This result might be affected by the limited
coverage of our sequencing and should be considered as a
starting point for further investigations. Interestingly,
DMRT1, a master gene for the sex determination known
to be expressed in both sexes in different sturgeon species
was not detected, suggesting that, differently from other
fish species, DMRT1 is expressed in sturgeons only in lat-
ter stages of maturity. Finally, the availability of thousands
of EST-linked microsatellites makes possible the
establishment of a genome-wide genetic markers panel
useful to monitor the effect of different selective pressures
and to monitor the effects of restocking practices. Re-
stocking of most sturgeon species depends on ex situ con-
servation because of the dramatic decline of natural
populations [1]. In synthesis, the data provided in the
present study and shared through a dedicated website rep-
resents the first substantial release of information on a
sturgeon transcriptome and will hopefully constitute a
useful contribution to sturgeon genetics, aquaculture, and
conservation.
Figure 5 Frequency of classified SSR repeat types in A. naccarii. The graph shows the frequency of each repeat motif classified, considering
the sum of the frequencies for complementary sequences (for example, the sum of frequencies for the dinucleotides AC and its complementary
GT), for the 5,295 total SSRs identified in 4,670 contigs.
Vidotto et al. BMC Genomics 2013, 14:407 Page 10 of 16
http://www.biomedcentral.com/1471-2164/14/407
Methods
Preparation of samples, construction of cDNA libraries
and sequencing
Two 6-month-old individuals were collected from the
“Azienda Agricola VIP” farm (Orzinuovi, Brescia, Italy).
Their sex was determined by histological analysis of the
gonads as being one male and one female. Animals were
anaesthetised with chloretone and painlessly killed. No
analyses or experiments were conducted with live
animals. The University of Padova ethic board CEASA
(Comitato Etico di Ateneo per la Sperimentazione
Animale) exempted this study from review as an extra
moenia activity. Biopsies were performed from gonads
and brain for RNA purification and a part of the gonads
was used for sex determination according to the proce-
dures described in Grandi and Chicca [25]. An RNeasy
mini-column kit (QIAGEN) was used to extract total
RNA from 30 mg of each tissue from each individual.
Total RNA was checked for integrity, purity and size
distribution. RNA samples from each individual were
pooled and stored in three volumes of 96% ethanol and
0.1 volume of sodium acetate to obtain 5 μg of pooled
RNA in a final volume of 120 μl. Pooled RNA was sent to
Evrogen (Moscow, Russia; www.evrogen.com). The
SMART (Switching Mechanism At 5′ end of RNA
Template) kit was used to retrotranscribe total poly-
adenilated RNA. First-strand cDNA synthesis was
performed with SMART Oligo II oligonucleotide (5`-
AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG-3′)
and CDS-GSU primer (5′-AAGCAGTGGTATCAACGC
AGAGTACCTGGAG-d(T)20-VN-3′) using 0.3 μg of total
RNA. Double-strand cDNA was obtained from 1 μl of the
first-strand reaction (diluted 5 times with TE buffer) by
PCR with SMART PCR primer (5′-AAGCAGTGGTA
TCAACGCAGAGT-3′). Amplified cDNA PCR product
was purified using QIAquick PCR purification Kit
(QIAGEN, CA). The two SMART prepared libraries were
then normalised using the duplex-specific nuclease (DSN)
method [31]. Normalisation included PCR amplification
of the normalised fraction.
In order to gain more material, 30 ng of normalised
cDNA were used for 100 μl PCR and 7 cycles of PCR
amplification with SMART PCR primer were performed
as suggested by Evrogen (http://www.evrogen.com/kit-
user-manuals/Trimmer-2.pdf). Moreover, in order to
decrease the possibility to introduce biases due to PCR,
the above amplification was independently replicated 20
times and the products pooled before sequencing.
Adapters were trimmed using GsuI (Fermentas) follo-
wing the standard protocol and cDNA purification was
performed with Agencourt AMPure XP (BECKMAN
COULTER). BMR Genomics, University of Padua, Italy
(http://www.bmr-genomics.it), prepared and sequenced
454 protocol libraries. Approximately 15 μg of
normalized cDNA from each library were sequenced in
a 1/4 picotiter plate on a Genome Sequencer FLX in-
strument using GS FLX Titanium series reagents.
Cleaning and assembly
The raw reads from every library were extracted from
454 SFF files through the open source alternative
sff_extract 0.2.10. Summary control of raw reads' quality
was done with FastQC 0.10.0. Sequences were cleaned
using the est_process module driven by preprocessest.pl
into the est2assembly 1.13 package [32] that perform se-
quencing adaptor removal, low complexity region
masking, quality trimming, and poly A/T detection and
removal. After preprocessing, A. naccarii male and
female reads were tagged accordingly to the library of
origin and jointly assembled, thus allowing contigs to be
classified for reads content as being composed by males
only, by females only or by both sexes. Sequences of the
two libraries were jointly assembled by MIRA 3.2.1 [33].
The obtained contigs and singletons were further re-
assembled by performing a second round to decrease
the redundancy caused by the heuristic nature of the
assembly process [34]. In the first run (de novo
assembly), all cleaned reads were used as input and
processed with the following parameters: -job = denovo,
est, accurate, 454; -LR:fo = no, -SB:lsd = no, -CL:cpat = 0:
qc = 0, -ED:ace = 1, -OUT:sssip = yes, -CO:fnicpst = yes, -
LR:mxti = no, -AS:mrpc = 1. In the second run the follow-
ing parameters were used: -job = denovo, est, accurate,
454, -notraceinfo, -LR:fo = no, -CL:cpat = 0:qc = 0, -ED:
ace = 1, -OUT:sssip = yes, -CO:fnicpst = yes, -LR:mxti =
no, -AS:mrpc = 1. After the second assembly step, the
native reads of each contig (from the first round) or
metacontig were traced back through SSAHA2 2.5.4 [35]
with parameters (−rtype 454 -output sam). For each of
the above contigs or metacontigs, the alignment of the
corresponding reads resulted in a SAM file allowing the
calculation of the coverage using SAMtools [36] and
BEDtools [37].
Functional annotations
BLASTX 2.2.25+ [38] similarity searches for the entire
transcriptome were conducted locally against the NCBI
non-redundant (nr) database (downloaded 2010/10/19)
as the first de novo annotation step. The Swiss-Prot part
of the UniProt database (downloaded on 2012/02/24)
was also queried. Local TBLASTX 2.2.25+ similarity
searches were conducted locally against (1) 6,088 EST
sequences of the genus Acipenser downloaded from
NCBI-taxonomy (2011/04/18), mainly obtained from A.
sinensis [39] and A. transmontanus [40] (2) a super-set
of all transcripts resulting from Ensembl (release-66) in-
cluding known-, novel- and pseudo-gene predictions for
the following list of reference species (hereafter RS-list):
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Petromyzon marinus, Latimeria chalumnae, Danio rerio,
Gasterosteus aculeatus, Oryzias latipes, Takifugu rub-
ripes, Tetraodon nigroviridis and Homo sapiens. In order
to identify non-coding sequences, BLASTN 2.2.25+
similarity searches were conducted locally against whole
non-coding RNA gene and pseudogene sequences from
Ensembl release-66 for the species of the RS-list. A
BLASTN similarity search was also performed against the
NCBI nucleotide sequence (nt) database (downloaded on
2012/02/24). BLASTX, BLASTN and TBLASTX searches
were carried out using default parameters.
Given the high evolutionary distance among the spe-
cies compared, alignments with an e-value < 1e-03 were
considered significant and a maximum of 20 hits were
taken into account for each query. The taxonomic classi-
fication of annotations was performed by MEGAN 4
[41] based on the absolute best BLAST hits. Contigs
with multiple best BLAST hits were excluded from the
count. The mapping of GO annotations to contigs was
achieved with Blast2GO 2.4.7 [42]. Annotations were
conducted only for contigs with significant BLASTX hits
below e-value 1e-06, with 55 as the annotation cut-off
and 5 as the GO weight. No HSP-hit coverage cut-off
was used. InterProScan annotation was also conducted
via Blast2GO. Obtained information for domains was in-
cluded to improve global annotations.
Estimation of sequencing completeness
To test how completely our physical cDNA libraries
were sequenced, we adopted the method described in
Franssen et al. [20], based on saturation curve calcula-
tion. From the total cleaned reads pool, increasing sub-
sets of reads were randomly selected and, for each read,
the corresponding contig in which it was assembled was
traced back. Detected contigs were blasted against a
reference cDNA set using TBLASTX with the e-value
cut-off at 1e-03. The best matching subject was recorded
for each contig. The sampling was repeated 20 times
with a constant increase in sample size, reaching the to-
tality of cleaned reads in the last run, thus identifying, in
the end, 20 pools of different reference cDNAs. The
number of matching reference cDNAs at each cycle was
plotted against the corresponding reads sample size and
a hyperbolic model y = ax/(b + x) was fitted to the points
by non-linear regression to assess the parameters “a”
and “b” with “a” representing the upper limit of the
model function, i.e., the maximum theoretical number of
reference transcripts identifiable by the initial cDNA
libraries if these had been exhaustively sequenced. More-
over, the slope of the hyperbolic curve at maximum
sample size gives an evaluation of how quickly the
asymptotes “a” will be reached, thus indicating the de-
creasing potential to detect additional transcripts. We
built saturation curves by sampling cleaned reads from:
1) male only, 2) female only and 3) joint libraries. In all
cases, we mapped reads back to the final assembly
contigs. The whole cDNA super-set from Danio rerio in
Ensembl release-66 was chosen as the reference. How-
ever, our analysis demonstrated that the fraction of
detected reference transcripts, with respect to the max-
imum estimated, and the slope of the curve at maximum
sample size do not substantially change using different
cDNA sets as a reference (see Additional file 9).
Estimation of transcriptome completeness
We inferred the total transcripts population size in the
two A. naccarii samples by estimating the number of
transcripts shared by the two independent libraries
taking into account that the two animals analysed had
the same age and the same history. By neglecting the dif-
ferences due to sex-specific transcripts, the two se-
quence libraries were handled as two sampling replicates
from the same transcripts' population. The fraction of
the transcript from the first library that is also repre-
sented in the second one is a direct estimate of the com-
pleteness of the second library and vice-versa. The same
approach has already been applied to estimate the num-
ber of human genes [43].
Since each read was labelled with the library of origin
before joint assembly, final contigs were classified as be-
ing “male_library-specific”, “female_library-specific” or
“common”. The common one is the fraction of contigs
composed of reads of both libraries and then repre-
sented by transcripts considered to be shared by the two
libraries. We performed a direct subtraction, i.e. a bidi-
rectional BLASTN, between the libraries to identify the
contigs that were not library-specific. Library-specific
contigs that align for more than 80% of their length,
with e-values below 1e-50 were moved into the common
fraction. We also performed an indirect subtraction to take
into account contigs representing partially-overlapping or
non-overlapping portions of the same long transcript,
which had not been assembled together due to the lack of
a sufficient link. Both groups of library-specific contigs
were searched for similarities, using TBLASTX, against
cDNA sets resulting from Ensembl release-66 for the
RS-list species. All cDNA sequences provided by NCBI-
Taxonomy Browser for the genus Acipenser (2011-04-18)
were also screened. Protein sequences available for other
species were assessed by searching the NCBI nr database
(2010/11/02) with BLASTX. The library-specific contigs
matching the same subjects, with 1e-06 as the e-value
threshold and > 80% query coverage were moved into the
common fraction. We exploited the Rcapture R package
[44] to estimate the total transcripts population sizes
because it allows the association of a standard error to the
obtained estimation. Furthermore, we assessed the com-
pleteness of the A. naccarii transcriptome by screening
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for the presence of the 13 polypeptide coding genes
[45,46] from the complete mitochondrial genome (mt) of
Acipenser transmontanus (GenBank accession no.:
AB042837) using BLASTN with a 1e-10 e-value threshold.
Search for sex-determining genes
We obtained sequences from genes known to be involved
in sex determination and sexual development in verte-
brates from different species and used them to search our
assembled contigs by similarity in order to investigate the
content of library-specific contigs, isolated by in silico sub-
traction in more detail. The genes and gene families con-
sidered were: WT1, LHX1, CYP19A1, FHL3, FEM1A, AR,
EMX2, DAX1, SOX9, SOX17, SOX1, SOX11, SOX6,
SOX14, FOXL2, RSPO, SF1, FGFR2, FGF9, GATA4,
LHX9, ATRX, SOX2, SOX4, SOX21, WNT4, SRY,
STRA8, FIGLA, AMH, VTG2, DMRT1 [47-49]. We
obtained sequences in 3 different ways: 1) Ensembl data-
base annotated orthologous and paralogous of the above
genes were identified, starting from the well-annotated
Zebrafish genome in Ensembl 66, by querying each com-
mon name. For each gene, we identified all orthologous
and paralogous within Ensembl Compara version 66.
Then, for each ortholog and paralog, all alternative tran-
scripts were identified and the corresponding protein se-
quence downloaded. 2) Clusters of homologs (paralogs
and orthologs) of candidate genes were identified within
NCBI HomoloGene Release 66 and corresponding protein
sequences were downloaded. 3) Nucleotide sequences for
genes FOXL2, DMRT1, and SOX used as references in a
previous scientific study aimed at gender identification in
the Shovelnose sturgeon (Scaphirhynchus platorynchus)
[26] together with corresponding sequences from other
sturgeons of the genus Acipenser were downloaded from
NCBI Genbank (15/10/2012). Each group of paralog and
ortholog protein and nucleotide variant representing a
gene was searched for similarity in our transcriptome as-
sembly using TBLASTN and BLASTN respectively. Align-
ments with an e-value > 1e-03 and fewer than 50 positive
matching nucleotide/aminoacid positions in the BLAST
alignment were discarded. Each different contig that
presented a match was extracted for each gene. For each
contig (subject) matched by more than one homologue
(query), the homologue with the highest alignment bit
score was selected. Results obtained by the three ap-
proaches were compared for each gene and the more-
likely contig was selected based on the following criteria:
1) BLAST alignment bit-score with the query; 2) per-base
mean coverage (singletons were discarded); 3) nucleotide
alignments between candidates to ensure they actually
represented distinct sequences (using MAFFT v6.935b
[50]); 4) alignments between contig translations and corre-
sponding protein queries (using MAFFT); 5) presence of
one or more distinctive and important functional domains
encoded by the target gene within the translated and
aligned fraction of contigs (by searching in Pfam-A version
26.0 [51]); 6) the ratio between the length of the
translated-aligned fraction and the total contig length;
7) consistency of annotations obtained by blast2GO via
alignment against all protein sequences included in the
NCBI non-redundant database.
Discovery of variants
Since mean contig coverage is generally low (< 5X) and
the transcriptome comes from different individuals, we
adopted a method based on a probabilistic framework,
which allows the estimation of uncertainty regarding
variants calling, in order to identify SNPs and short
INDELs [52]. We used Freebayes 0.9.4 [53] which employs
Bayesian formulation to calculate the probability that mul-
tiple different alleles are present between the reference
and the aligned reads. Freebayes is also able to call vari-
ants from polyploid pooled samples. SAM alignments cal-
culated for each contig in the assembly phase were input
into Freebayes with the following parameters: probability
cut-off of 0.9, 5 as the minimum coverage required to
process a site, and each SNP must be supported by at least
2 reads. As it has been shown that improved base-call ac-
curacy can lead to a significant reduction in false-positive
SNP calls, base alignment quality (BAQ) adjustment was
applied to the input alignments through SAMTOOLS
calmd 0.1.18 [36]. Homogenisation of the potential inser-
tion and deletion distribution through reads-independent
left realignment to improve the INDELs call was obtained
by the bamleftalign tool included in the Freebayes pack-
age. It is known that variant calling near repetitive DNA
sequences are prone to error, especially in 454 technology
where over-calls or under-calls of repetitive stretch, are
the most common errors [54]. We then filtered out all var-
iants that were beside 4 repetitions of any sample se-
quence repeats (including homopolymeric regions). For
each contig containing SNP, we calculated the number of
transitions (Ts) and transversions (Tv). The mutation
resulting from each SNP was characterized in terms of
synonymous (Ks) or non-synonymous (Ka), and location
(inside the ORF or in the 5′ or 3′ UTR regions). For each
contig-containing SNP with a BLAST hit against the nr
database, the ORF was deduced from the alignment
against the best HSP. For contig-containing SNPs without
a hit, the ORFs predicted by the ORFpredictor were used.
We then calculated the ratio (Ka + 1)/(Ks + 1) where, 1
was added to enable the calculation of the ratio even when
Ks = 0. To find both perfect and imperfect microsatellite
repeats (SSRs) for di-, tri-, tetra-, penta- and hexa-
nucleotides in unit-size, within our contig sequences, we
adopted the MISA tool version 1.0 [55], with min_repeat
specifications of 6, 4, 4, 4, and 4 respectively. These
thresholds are in agreement with the minimum lengths
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recommended for repetitions outlined in [56], to allow the
polymerase slippage events, which makes the identified
microsatellites, potentially polymorphic. We set at 0 the
maximal number of nucleotides that interrupt compound
microsatellites. Moreover we distinguished SSRs within
ORFs predicted by BLAST comparisons or in alternative
by ORFpredictor.
Additional files
Additional file 1: Distribution of cleaned-read lengths for the
A. naccarii male (cDNA3), female (cDNA4) and the joined libraries.
Bin intervals are shown along the x-axis.
Additional file 2: Distribution of contig- and singleton- lengths for
A. naccarii first round and final assemblies. While the average quality
of singletons remains between 15 and 40, the average quality of
assembled contigs rises to 88.
Additional file 3: Distribution of contigs' and singletons' average
quality for first round and final assemblies. The figure shows how the
number of singletons and contigs resulting from the first assembly
(largest contig 2,732, N50 contig size 489, N90 contig size 324, N95
contig size 258), is reduced in the final set.
Additional file 4: Mean contigs coverage distribution for the first
and final assemblies. Percentage of contigs falling in the different
coverage intervals are referred to the final assembly. The average
coverage of the contigs is quite low. As shown on the graph where
about 61% of contigs have average coverage of only up to 3 per base.
Additional file 5: Pair-wise relationships between main properties
characterising total contigs obtained by the first and final
assemblies. Pair-wise relationships between lengths and qualities (A, D),
lengths and number of reads per contig (B, E), qualities and mean reads
per contig (C, F), in the set of 60,825 contigs from the first assembly and
55,282 contigs from the (second) reassembly of the A. naccarii
transcriptome.
Additional file 6: Evidence code distribution of the annotation of A.
naccarii transcriptome. Only the evidence codes assigned to at least
one sequence are reported. EXP: Inferred from Experiment, IDA: Inferred
from Direct Assay, IPI: Inferred from Physical Interaction, IMP: Inferred
from Mutant Phenotype, IGI: Inferred from Genetic Interaction, IEP:
Inferred from Expression, Pattern, ISS: Inferred from Sequence or
Structural Similarity, ISO: Inferred from Sequence Orthology, ISA: Inferred
from Sequence Alignment, ISM: Inferred from Sequence Model, RCA:
inferred from Reviewed Computational Analysis, TAS: Traceable Author
Statement, NAS: Non-traceable Author Statement, IC: Inferred by Curator,
ND: No biological Data available.
Additional file 7: KEGG pathways found in the A. naccarii
transcriptome. Enzyme Codes were mapped on the sequences with GO
annotations through Blast2GO, then metabolic pathway map numbers in
which enzymes carry out their function were retrieved, thus identifying
833 different enzymes participating in 116 different pathways.
Additional file 8: Saturation curve for male, female and both A.
naccarii cDNA libraries. Read subsets of increasing sample size were
randomly extracted from total pool in the library. For each subset,
contigs in which reads where assembled were identified. Each contigs
pool was used to identify Danio rerio cDNAs (TBLASTX 2.2.25+ e-value
1e-03). Re-sampling and identification process was repeated 10 times for
each sample size. A mean value and a confidence interval for the
number of identified Danio cDNAs was calculated for each sample size.
Hyperbolic model y = (ax)/(b + x) was fitted on points given by sample
size versus average cDNAs hit so that model parameters “a” and “b” were
estimated. The legend shows estimated parameter values obtained by
fitting the hyperbolic model on the data. As can be seen, the curves
from the single libraries retain the same trend and the difference is
mostly due to the different number of reads in each library.
Additional file 9: Saturation curves plot for joint A. naccarii cDNA
libraries against cDNA sets from other fishes. Were constructed
several saturation curves, starting from total reads from the two libraries
and using different sets of cDNA as a references. cDNA sets used are
derived from all transcripts from Ensembl 66 for species in RS-list. The
estimated parameters of the curves are reported in the legend.
Additional file 10: Sex related genes found in the Adriatic sturgeon
transcriptome. The table lists the contigs of the A. naccarii
transcriptome that best represent 22 of the 32 genes known to be
involved in sex determination and sexual development of vertebrates,
used for the screening. For each recognized gene are shown: the gene
symbol; the gene extended name; the queries from the different sources
that gave the best alignments with the defined thresholds, the NCBI
HomoloGene cluster ID the query belongs to (for queries from this
source); the Ensembl ID (for queries from this database), the GenBank
Accession (possibly for all queries); the contig that best represents the
putative A. naccarii orthologous (subject); the assembly fraction the
contig belongs to (cDNA3, cDNA4, or common); its mean per-base
coverage; the bit score of the alignment between the contig and its
query; the contig translated-aligned fractions on the query; the putative
Pfam domains contained within the translated and aligned fractions;
finally the contig annotation given by Blast2GO.
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a b s t r a c t
We report the discovery of a new putatively active Tc1-like transposable element (Tana1) in the genome
of sturgeons, an ancient group of fish considered as living fossils. The complete sequence of Tana1 was
first characterized in the 454-sequenced transcriptome of the Adriatic sturgeon (Acipenser naccarii) and
then isolated from the genome of the same species and from 12 additional sturgeons including three gen-
era of the Acipenseridae (Acipenser, Huso, Scaphirhynchus). The element has a total length of 1588 bp and
presents inverted repeats of 210 bp, one of which partially overlapping the 30 region of the transposase
gene. The spacing of the DDE motif within the catalytic domain in Tana1 is unique (DD38E) and indicates
that Tana1 can be considered as the first representative of a new Tc1 subfamily. The integrity of the native
form (with no premature termination codons within the transposase), the presence of all expected func-
tional domains and its occurrence in the sturgeon transcriptome suggest a current or recent activity of
Tana1. The presence of Tana1 in the genome of the 13 sturgeon species in our study points to an ancient
origin of the element that existed before the split of the group 170 million years ago. The dissemination of
Tana1 across sturgeon genomes could be interpreted by postulating vertical transmission from an ances-
tral Tana1 with a particularly slow evolutionary rate Horizontal transmission might have also played a
role in the dissemination of Tana1 as evidenced by the presence of a complete copy in the genome of
Atlantic salmon. Vertical and horizontal transmission are not mutually exclusive and may have concurred
in shaping the evolution of Tana1.
! 2012 Elsevier Inc. All rights reserved.
1. Introduction
Transposable elements (TEs) are DNA sequences that can move
or transpose themselves from one position to another within the
genome. TEs are widely distributed in bacteria, plants and animals,
and make up a substantial fraction of the genomes in which they
reside (Kidwell and Lisch, 2000; Bowen and Jordan, 2002; Miskey
et al., 2005). The human genome consist of about 50% transposons
(Feschotte et al., 2002), while nearly 85% of the maize genome is
composed of hundreds of families of transposable elements
(Schnable et al., 2009). It is well established that variation in the
amount of transposons occupying the genome considerably
accounts for the large differences in genome size across eukaryotes
(Kidwell, 2002; Wessler, 2006).
It has been hypothesized that the insertion of transposable ele-
ments into new genome locations has contributed to shape gen-
ome architecture and led to the emergence of genetic innovation
(Feschotte and Pritham, 2007). TEs can produce a wide array of
changes in the genome of their hosts, from generation of new
alleles through insertion into genes to restructuration of genomes
through chromosomal rearrangements (Wessler, 2006). Bursts in
transposon activity can also lead to genome size expansion (Slotkin
and Martienssen, 2007). In addition, many TEs originate in one
organism but can move around between species and invade new
genomes, since these elements are not dependent on host factors
to mediate their mobility (Shan et al., 2005).
While TEs have the faculty to mutate genes, alter gene func-
tions and generate new genes, hence enhancing the evolutionary
potential of their hosts, from a strictly theoretical point of view,
TEs are considered as parasitic or junk DNA (Doolittle and
Sapienza, 1980; Orgel and Crick, 1980), which has been a topic
of extensive debate (Kidwell and Lisch, 2000, 2001). At the host
organismal level, negative selection commonly results from TE-
induced deleterious mutations, while neutrality of TEs is mostly
associated with inactive TEs (Kidwell and Lisch, 2000). Both host
and TEs seem to have evolved strategies to minimize the delete-
rious impact of transposition. In this sense, TEs tend to be located
1055-7903/$ - see front matter ! 2012 Elsevier Inc. All rights reserved.
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in heterochromatin regions, which are generally gene poor and
have a low level of transcription, and where the deleterious im-
pact of transposition is less important (Ikeda et al., 2007; Slotkin
and Martienssen, 2007). Host organisms have also developed de-
fence mechanisms against high transposon activity rates includ-
ing DNA methylation and RNA silencing (reviewed in Slotkin
and Martienssen, 2007).
Transposable elements are classified according to their struc-
tural organization and mechanism of transposition. Class I ele-
ments (retrotransposons) replicate through reverse transcription
of an RNA intermediate. Class II elements (DNA transposons)
move directly by a cut-and-paste mechanism operated by a sin-
gle transposase enzyme encoded by the element. The transposase
excises the transposon after recognizing the terminal inverted re-
peats (TIRs) flanking the transposon and then integrates the
transposon in a new target site. The Tc1/mariner superfamily of
transposable elements is the most widespread class of DNA
transposons in nature, being found in fungi, plants and animals,
including nematodes, insects, fish, amphibians and humans (Plasterk
et al., 1999). Tc1/mariner elements are about 1300–2400 bp in
length and contain a transposase gene flanked by terminal in-
verted repeats (Plasterk et al., 1999). Within this superfamily,
different families can be identified based on the distance
between the last two residues in the conserved catalytic motif
DDE (Shao and Tu, 2001; Yuan and Wessler, 2011). While Tc1/
mariner elements have been demonstrated to be active in nem-
atodes and arthropods, all of the copies isolated until recently
in vertebrates are defective in that they contain frameshifts,
insertion/deletions and stop codons within the transposase gene,
including the Sleeping Beauty transposon in salmonids, an ances-
tral element presumed to be active >10–15 million years ago that
was synthetically reconstructed by eliminating the inactivating
mutations (Ivics et al., 1996). However, the recent study of Clark
et al. (2009) demonstrated that Passport, a transposon isolated
from the European plaice (Pleuronectes platessa), is the first verte-
brate Tc1-like element both natively intact and functionally
active.
The present paper reports the discovery of Tana1, a new puta-
tively active Tc1-like element found in the genome of sturgeons.
First, we isolated and characterized the element in the Adriatic
sturgeon (Acipenser naccarii), which we also identified in 12
additional sturgeon species of the same Acipenseriformes order.
The study of transposons in sturgeons, an archaic group of
chondrostean fish often referred as living fossils that comprises
a total of 25–27 species distributed in the Northern Hemisphere
(Rochard et al., 1991), is particularly relevant from an evolution-
ary perspective. In addition to their ancestral radiation (around
170 MYA; Krieger et al., 2008), the sturgeon genome shows some
interesting peculiarities: (1) sturgeons possess a large number of
chromosomes and different levels of ploidy across species, being
karyotypically divided into two main groups with approximately
120 and 240 chromosomes, respectively. The 120-chromosome
condition is the ancestral one, while 240 chromosome-karyotypes
were reached through at least three independent duplication
events during sturgeon evolution (Ludwig et al., 2001). The two
groups are believed to be functionally diploid and tetraploid,
respectively (Fontana et al., 2008; Boscari et al., 2011); (2) the
genome of sturgeons is highly fragmented and presents a large
number of microchromosomes of <20 MB in size (Fontana et al.,
1999); (3) sturgeons show a high frequency of interspecific
hybridization with viable progeny that is also fertile when the
parental species have the same degree of ploidy (Birstein,
2002). Ludwig et al. (2001) suggested that together with gene
silencing and chromosomal rearrangements, transposons might
have played an important role in the formation of the Acipenseri-
dae genome.
2. Material and methods
2.1. Sampling and DNA extraction
Genomic DNA was extracted from caudal fin clips (10–100 mg)
of 13 sturgeon (Acipenseridae) species, using the DNAeasy Blood
and Tissue Extraction kit (Qiagen). The Adriatic sturgeon (Acipenser
naccarii) was used for the identification and characterization of the
Tana1 element. The presence/absence of Tana1 was investigated in
the remaining 12 species, including (i) a total of 10 Acipenser spe-
cies: A. baerii, A. brevirostrum, A. fulvescens, A. gueldenstaedtii, A.
mikadoi, A. nudiventris, A. ruthenus, A. stellatus, A. sturio, A. trans-
montanus; (ii) the beluga sturgeon Huso huso, which phylogenetic
studies have shown to be embedded within the Acipenser group
(Birstein and DeSalle, 1998; Krieger et al., 2008) (iii) Scaphirhyn-
chus albus, which belongs to a separate genus of sturgeons within
the Acipenseridae.
2.2. Tana1 identification in A. naccarii
With the aim of detecting repeated sequences to be used as
probes for in situ hybridizations, genomic DNA of a single A. nac-
carii individual was cleaved with MboI (Amersham Biosciences)
and separated by electrophoresis in a 0.7% low melting agarose
gel. A single band visible after staining with ethidium bromide
was isolated from the agarose gel, ligated into a pUC18 plasmid
(pUC18) by Ready-to-go™ pUC18 BamHI/BAP + Ligase kit (Amer-
sham Biosciences) and transformed in competent Escherichia coli
TOP10 cells (Invitrogen). Recombinant clones were identified by
amplification using universal vector primers M13 Forward and Re-
verse. All amplifications were performed using a Gene Amp PCR
System 2700 thermocycler (Perkin Elmer) in a total volume of
20 ll. PCR reactions consisted of 10–50 ng of template DNA,
0.25 lM of each primer, 1! buffer (GE Healthcare), 0.1 mM dNTPs
and 0.5 U Taq DNA polymerase (GE Healthcare). PCR cycling condi-
tions were as follows: 2 min at 94 !C, 25 cycles of 30 s at 94 !C, 45 s
at 55 !C and 45 s at 72 !C, and final extension for 5 min at 72 !C.
A subset of recombinant clones was sequenced. Nucleotide se-
quences were aligned using nucleotide and protein databases by
blastn and blastx suites, respectively (http://www.ncbi.nlm.nih.gov).
A partial Tana1 sequencewas obtained, as identified by its high ami-
no acid similarity with putative transposases of Tc1-like elements.
The partial Tana1 sequence obtained after MBoI digestion and
sequencing was completed by screening a normalized cDNA library
of A. naccarii transcriptome obtained using the 454 Titanium
sequencing platform. The sequence alignment tool SSAHA2 v2.5.5
(Ning et al., 2001) was used to align all trimmed reads with the
reference Tana1 sequence. Mapped reads were extracted using
SAMtools v0.1.18 (Li et al., 2009) after filtering for reliable align-
ments (setting 1 as mapping quality threshold). Reads were assem-
bled together with the reference sequence using GS De Novo
Assembler (454 Life Sciences Corp).
The longest contig was used to prolong the original reference
sequence. The extended sequence was blasted against itself using
the two sequences option of blastn in order to identify the inverted
repeats that signalize the start and ending of the element and
obtain its complete sequence. Finally, the putative complete
sequence of the Tana1 transposon was again matched against the
full transcriptome library using SSAHA2.
2.3. Direct amplification from A. naccarii and other sturgeon species
A single primer matching the extremities of the TIRs of the
transposon (TotRepeat: 50-TACAGTACTGTGCAAAAGTTTTAGG-
CAGG-30) was designed to amplify the entire Tana1 element from
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A. naccarii genomic DNA. PCR conditions were the same as above
but with an annealing temperature of 60 !C. Recombinant colonies
were screened by sequencing after amplifications with universal
M13 primers until a putatively complete element without stop co-
dons was found. PCR products were cloned into JM109 competent
cells using the P-GEM-T Easy vectors (Promega) following the rec-
ommendations of the manufacturer.
In order to classify the element, a multiple alignment of Tc1/
mariner superfamily transposases was used to construct a Neigh-
bor Joining Tree showing the relationship of Tana1 with other
Tc1/mariner elements, including the Tc1, mariner, Ma T, IS630 and
ITmD37E families. The alignment used to generate the tree is avail-
able from EMBL at ALIGN_000448 (Claudianos et al., 2002).
The primer TotRepeat also amplified the entire Tana1 element in
the rest of sturgeon species in our study. All sequences are depos-
ited in GenBank (accession number: JX889425–889438). Amplified
PCR products were cloned and a single colony of the expected
molecular size was sequenced for each species, since the scope
was to investigate the presence/absence of the element in other
sturgeons, not to search for complete copies of the element. Ob-
tained sequences were aligned using Clustal_X (Thompson et al.,
1997). Pairwise genetic distances were calculated between all
Tana1 elements in MEGA 5 (Tamura et al., 2011) and graphically
represented by Neighbor Joining. The Basic Local Alignment Search
Tool (BLAST) was used to find sequences similar to Tana1 in Gen-
Bank. BLAST similarity searches were conducted locally against dif-
ferent NCBI (National Centre for Biotechnology Information)
databases using BLASTN and BLASTX. Distances were calculated
between Tana1 and the most similar amino acid sequences found
and a dendrogram was constructed using Neighbor-Joining.
Finally, the element was also amplified from A. naccarii cDNA in
order to confirm the presence of the complete element in the tran-
scriptome. For these amplifications, the same cDNA used to con-
struct the libraries sequenced by 454 approach was used as
template. Primers and PCR conditions were the same as above.
Amplified fragments of the expected size were cloned and se-
quenced as previously described.
2.4. Quantification of Tana1 copy number in A. naccarii
Number of copies of the Tana1 transposon in A. naccarii was
estimated using the Comparative Quantitation method (CQ; Rotor
Gene 5.0 software, Corbett Research), a Real-Time PCR analysis that
does not require a standard curve. The method combines two abso-
lute quantification reactions: one for the target-specific gene and
the other for the reference gene, the latter being used to determine
fold-differences in copy number of the target gene. Relative con-
centrations of DNA during the exponential phase of the PCR reac-
tion are determined by plotting fluorescence against number of
cycles on a logarithmic sale. Relative amounts of DNA can be calcu-
lated from the take-off point of each sample, which is the cycle at
which the fluorescence signal of a sample emerges above the back-
ground. The quantification of sample relative to a designated con-
trol (calibrator) can be calculated according to the formula: (E)Ct1–
Ct2, where (E) is the amplification efficiency and Ct1 and Ct2 are the
take-off points of the calibrator and the sample, respectively. In a
relative quantification analysis, the amount of DNA of the target
gene is divided by the amount of DNA from the reference gene
measured in the same sample for normalization.
The quantification of Tana1 was done in duplicate, using as tar-
get two different regions of the transposon. Region 1 is 120 bp long
and is located between the TIR and the transposase. Region 2 is
130 bp and is located in the transposase coding region (Fig. 1).
Primers used were StuFor870 (50-GTAAACTGTCTTCAGCAACCT-30)
and StuFor985 (50-TATGTAGGTTGAAACACAATCATT-30) for Region
1 and StuFor62 (50-CAGGACTCCTTGTTCTTCTTTA-30) and StuRev197
(50-CTTATCCATCATGCAATACCAT-30) for Region 2. As reference, we
used one microsatellite marker (AfuG63; Welsh et al., 2003), which
is known to be of similar size to the transposon regions used (118–
144 bp long in A. naccarii; Congiu et al., 2011). As calibrator, we
used a mixture of the amplicons (purified and quantified) of all pri-
mer pairs used (both region 1 and 2 in the transposon plus the
AfuG63 microsatellite). The calibrator was used at a final concen-
tration of 10 pg/ll. The efficiency of the quantification assay was
validated using serial dilutions of the calibrator at two different fi-
nal concentrations (1 and 0.1 pg/ll).
Real-time PCR was performed with a fluorometric thermal cy-
cler Rotor-Gene 6000 (Corbett Robotics) in a total volume of
25 ll. PCR reactions contained 1! PCR buffer, 3 mM MgCl2,
0.2 mM dNTPs, 0.3 lM each primer, 1.5 U Taq (Takara) and Eva-
Green 1! qPCR Mix (Biotium). Optimum annealing temperature
was determined using a Shuttle PCR (two temperature PCR). PCR
conditions consisted of one cycle of 3 min at 95 !C followed by
40 cycles of 10 s at 95 !C and 20 s at 59 !C. Each sample was quan-
tified in triplicate and each experiment was repeated three times.
2.5. Cytogenetic localization of Tana1 in A. naccarii
For cytogenetic analysis, chromosomes of A. naccarii were pre-
pared from cell tissue cultures (Fontana et al., 1997). A fluorescent
in situ hybridization (FISH) was conducted to explore the chromo-
some distribution of Tana1 following the methodology described in
Lanfredi et al. (2001). The complete Tana1 was biotin-labeled by
PCR and used as DNA probe. PCR labeling was performed by ampli-
fication in 50 mM KCl; 10 mM Tris–HCl (pH 9), 1.5 mM MgCl2,
dATP 200 lM, dCTP 200 lM, dGTP 200 lM, dTTP 175 lM; Biotin-
16-dUTP 25 lM (Roche), 15 pM of TotRepeat primer, 1 U Taq DNA
polymerase (Amersham Biosciences) and 100 ng genomic DNA.
PCR reactions were performed in the same conditions previously
described. Immunological detection was carried out at 37 !C for
1 h with fluoroscein-labeled anti-biotin antibody set (Boehringer).
The chromosomes were counterstained with propidium iodide
(SIGMA). Observations were made with a Leitz Orthoplan epifluo-
rescence microscope with the appropriate filter combinations.
Photographs were taken using Kodak Ektachrome 400 ASA color
print film.
3. Results
3.1. Identification of Tana1 in A. naccarii
After digestion with MboI, a single band of about 950 bp was
distinguishable on agarose gel. After cloning, a subset of recombi-
nant clones was sequenced, resulting in a 971 bp sequence show-
ing a significant similarity with Tc1-like transposase domains.
This sequence was used as reference for the recognition of Tana1
Fig. 1. Representation of the structure of the Tana1 element in A. naccarii including
location of all primer pairs (1 = Totrepeat; 2 = StuFor985; 3 = StuFor870; 4 = Stu-
For197; 5 = StuFor62). The transposase is marked in grey. ATG = start codon.
TIR = terminal inverted repeats.
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in the transcriptome of A. naccarii. After alignment, 82 reads
mapped along the reference Tana1 sequence, covering 100% of its
length with no ambiguous positions. Average coverage was 21.97
reads per position, ranging from 4 to 46 reads. The assembly of
the mapped reads together with the reference sequence produced
three contigs. Contigs had an average length of 843 bp and a max-
imum length of 1634 bp.
The initial Tana1 fragment of 971 bp was extended using the
longest contig of 1634 bp (constituted by the reference sequence
plus 57 reads). At this point, the terminal inverted repeats (TIRs)
at the end of the extended sequence were identified using blastn,
obtaining the complete sequence of the transposon of 1588 bp in
length. Finally, the putative complete transposon was aligned
against the full transcriptome library. The reference was com-
pletely covered (100% in length).
3.2. Characterization of Tana1 in A. naccarii
The complete nucleotide sequence of Tana1 was 1588 bp long in
A. naccarii (Fig. 1). The transposase was flanked by terminal in-
verted repeats that are 210 bp long. While the first TIR was sepa-
rated from the 50 extremity of the transposase gene by a 212 bp
non-coding region, the second TIR partially overlapped with the
coding region so that the stop codon of the transposase was found
within the second TIR region. The sequence of the terminal base
pairs of the TIR included the TACAGT motif, which is typical in
all TIR sequences.
The coding region for the transposase was 1023 bp (341 amino
acid) long. Several motifs that are characteristic of Tc1-like trans-
posons (Plasterk et al., 1999) were identified in the Tana1 sequence
(Fig. 2). Firstly, two helix-turn-helix (HTH) motifs within the
bipartite DNA-binding domains on the N-terminal of the transpos-
ase, each motif consisting of threea-helices. Secondly, a GRPR
sequence located between the two HTH motifs. Thirdly, a nuclear
localization signal (NLS) that partially overlaps with the third a-
helix of the second HTH motif. Finally, the characteristic DDE motif
within the catalytic domain, with 38 amino acids between the sec-
ond aspartic acid and the glutamic acid. Tana1 also presented the
‘‘signature string’’ of the Tc1-mariner superfamily within the cata-
lytic domain (Yuan and Wessler, 2011), an H motif downstream of
the second aspartic and a P motif 10 amino acids upstream of the
glutamic acid.
A 96% genetic identity was found when comparing the trans-
posase coding region of the two A. naccarii sequences obtained,
with a total of 14 changes out of 341 aminoacids. Both sequences
were complete and did not present stop codons or insertions/dele-
tions. The DDE signature was variable, with the third residue in one
sequence being a glutamic (instead of lysine), resulting in a DDK
motif.
In order to classify the element, the Tana1 amino acid sequence
was compared with other Tc1-mariner superfamily elements (Tc1,
mariner, Ma T, IS630 and ITmD37E families). A dendrogram
constructed using Neighbor-Joining showed the Tana1 sequences
clustering together within the Tc1 family clade with a high
bootstrap value (Fig. 3).
3.3. Amplification of Tana1 from A. naccarii cDNA
Since the entire sequence of Tana1 found in the transcriptome
was obtained by assembling many short reads, this cannot be con-
sidered as an indication that the complete element is transcribed.
For this reason, a PCR amplification assay directly from cDNA
was performed. Four complete sequences of the transposon di-
rectly amplified from cDNA were obtained, which showed no pre-
mature termination codons within the coding regions of their
transposases. Comparison of genomic DNA and cDNA sequences
of the transposase coding region showed an overall 97.5% sequence
identity.
Fig. 2. Alignment of the amino acid sequence of the transposase of the Tana1 element in A. naccarii, A. sturio (most distant species to A. naccarii within the Acipenseridae;
Krieger et al., 2008) and Atlantic salmon Salmo salar (GenBank AGKD01009409). Included in the sequence are the two Helix-Turn-Helix motif (HTH) motifs consisting of three
a-helices each (dark grey), the GPPR sequence (light grey), the nuclear localization signal NLS (underlined) and the DDE motif (red) within the catalytic domain. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Presence of Tana1 in other sturgeon species
The Tana1 element was detected in all sturgeon species tested
in our study, including three genera of the Acipenseridae: Acipenser
(A. baerii, A. brevirostrum, A. fulvescens, A. gueldenstaedtii, A. mikadoi,
A. nudiventris, A. ruthenus, A. stellatus, A. sturio and A. transmont-
anus), Huso (H. huso) and Scaphirhynchus (S. albus).
Total length of the element varied between 1475 and 1594 bp
(Table 2). As in A. naccarii, the copies isolated from all species pre-
sented long inverted repeats of 210 bp, with the exception of the
ones cloned from A. baerii, A. brevirostrum and A. fulvescens, in
which short deletions or insertions were found. In all species, the
second inverted repeat partially overlapped with the coding re-
gion. Total length of the transposase ranged from 910 to 1030 bp.
All transposases presented all the Tc1-like transposon motifs
observed in the A. naccarii Tana1, with the typical DDE catalytic
domain found in all species expect A. baerii (DDK), A. mikadoi
(DDK) and A. ruthenus (DDG). The only exception was the sequence
isolated from A. gueldenstaedtii, in which the third motif of the cat-
alytic domain was missing. In the copies isolated from the rest of
Fig. 3. Neighbor Joining tree showing the relationship of the Tana1 element with other members of the Tc1/mariner superfamily, including the following families: Tc1,
mariner, Ma T, IS630 and ITmD37E. The alignment used to generate the tree is available from EMBL at ALIGN_000448. Bootstrap values >50% (1000 replications) are shown
above the nodes.
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species, the spacing between the second and third motif of the cat-
alytic domain was 38 amino acids. As in the case of A. naccarii, the
sequences from A. nudiventris, A. stellatus and A. sturio were intact
and complete, while the rest of sequences presented stop codons
or insertions/deletions causing sequence frameshifts.
Sequence identity between the different Tana1 elements ranged
between 91.5% and 99.4%, with similar values found between all
species pairs. A dendrogram constructed using Neighbor Joining
(Fig. 4) showed that Tana1 elements did not cluster according to
sturgeon phylogeny (for a revision see Krieger et al., 2008) and
the phylogenetic trees of Tana1 and hosts were discordant. This
was evidenced by one A. naccarii sequence clustering with A. sturio,
despite the latter being the most distant species to A. naccariiwith-
in the Acipenseridae (Krieger et al., 2008).
3.5. Presence of Tana1 in other species
A BLAST search using A. naccarii Tana1 as query showed a high
genetic similarity (91%) with a contig of Atlantic salmon Salmo sal-
ar obtained by shotgun sequencing (GenBank AGKD01009409). In
addition to other Atlantic salmon contigs, Tana1 also matched with
sea bass Dicentrarchus labrax (86% identity) and Nile tilapia Ore-
ochromis niloticus (75% identity) contigs. A 66% identity match
was found with a rainbow trout Oncorhynchus mykiss EST
(Expressed Sequence Tag) sequence. Accordingly, the Atlantic sal-
mon sequence appeared as the most similar to the Acipenseridae
Tana1 cluster in a dendrogram constructed using Neighbor Joining
(Fig 4). While all matches found in GenBank showed a significant
Table 2
Description of the Tana1 element in all sturgeon species including total length of the element, length of the first and second inverted repeats, length of the transposase, presence
of start codon (ATG), stop codon and insertions/deletions causing sequence frameshift and catalytic domain.
Species Total bp First TIR Second TIR Transposase bp ATG Stop codon Frame shift DDE
A. naccarii-1 1588 210 210 1023 Yes No No DDE
A. naccarii-2 1588 210 210 1023 Yes No No DDK
A. baerii 1570 202 210 1013 Yes No Yes DDK
A. brevirostrum 1594 210 219 1030 Yes Yes Yes DDE
A. fulvescens 1595 210 217 1030 Yes No Yes DDE
A. gueldenstaedtii 1475 210 210 910 No Yes Yes DD_
A. mikadoi 1588 210 210 1021 Yes Yes Yes DDK
A. nudiventris 1588 210 210 1023 Yes No No DDE
A. ruthenus 1573 210 210 1008 Yes Yes No DDG
A. stellatus 1586 210 210 1023 Yes No No DDE
A. sturio 1588 210 210 1023 Yes No No DDE
A. transmontanus 1586 210 210 1021 Yes No Yes DDE
H. huso 1559 210 210 997 Yes No Yes DDE



















Fig. 4. Neighbor Joining tree showing the relationship of all sturgeon Tana1 elements. Also inclused are the most similar sequences found in GenBank including Atlantic
salmon Salmo salar (AGKD01009409), sea basss Dicentrarchus labrax (CABK01013436), Nile tilapia Oreochromis niloticus (AERX01033129) and rainbow trout Oncorhynchus
mykiss (FP324215).
Table 1
Estimation of number of copies of the Tana1 element in A. naccarii using the
Comparative Quantitation method, including the proportion of number of copies






Region 1 (120 bp) 0.93 ± 0.11 413 ± 87 382 ± 28
Region 2 (130 bp) 1.05 ± 0.08 351 ± 41
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similarity with Tc1-like transposase elements, all were defective
and presented stop codons and deletions/insertions, with the
exception of the Atlantic salmon sequence AGKD01009409. This
sequence also included inverted repeats flanking the transposase,
which were absent in the rest of sequences. The structure of the
element found in Atlantic salmon was highly similar to the struc-
ture of Tana1, with two long inverted repeats of 210 bp, a 212 bp
non-coding region and a partial overlap between the second TIR
and the transposase. The only difference was the presence of three
insertions in the first TIR in Atlantic salmon, with a total length of
232 bp. Finally, Atlantic salmon also presented the characteristic
DDE motif within the catalytic domain, with 38 amino acids be-
tween the second aspartic acid and the glutamic acid.
3.6. Estimation of Tana1 copy number
The Comparative Quantitation method was used to estimate the
number of copies of the Tana1 element in A. naccarii. The copy
number ratio between target (the transposon) and reference
(microsatellite AfuG63) was 413 ± 87 for region 1 and 351 ± 41
for region 2 (Table 1), which indicates that the transposon has
roughly about 400 times more copies than the microsatellite, with
a mean of 382 ± 28. While most microsatellite loci in A. naccarii
have four copies per genome, AfuG63 showed a maximum of two
alleles in over 50 animals genotyped (Congiu et al., 2011), which
suggests that AfuG63 is a diploidized locus as hypothesized by
Welsh et al. (2003) in lake sturgeon A. fulvescens and green stur-
geon A. medirostris. Accordingly, we calculated the number of cop-
ies of Tana1 to range between 764 (382 ! 2) in case of AfuG63
being a diploid locus and 1528 (382 ! 4) in case of being tetraploid.
3.7. Cytogenetic localization of Tana1
In all the 10 metaphase plates of A. naccarii, the hybridization
signal with the Tana1 transposon probe was clearly visible
(Fig. 5). The hybridization spots were wide spread in a large num-
ber of chromosomes, which suggests an extensive distribution of
the Tana1 element. In all plates, the Tana1 transposon appeared
interspersed across all the chromosome regions from centromers
to telomers. Hybridization signals were found in acrocentric, meta-
centric, sub-metacentric and micro chromosomes.
4. Discussion
4.1. Description of a new Tc1-like transposable element
We describe for the first time a new Tc1-like element isolated in
sturgeons. The Tana1 element presents all the classic characteris-
tics of Tc1-like elements (Plasterk et al., 1999), with a sequence
of the full-length element of 1588 nucleotides with long terminal
repeats of 210 nucleotides and a single transposase coding region
corresponding to 341 amino acids that includes all the functional
domains of Tc1-like transposons (the two HTH motifs, the GPPR
sequence, the nuclear localization signal NLS and the DDE motif).
The total length of the element is similar to most Tc1-like elements
(close to 1.6 kb; Radice et al., 1994) and so is the length of the
transposase (around 340 amino acids in all species with the excep-
tion of the Tes1 element in hagfish, which is 407 amino acids long;
Heierhorst et al., 1992). Long inverted repeats have also been de-
scribed in other fish elements including Tdr1 in zebrafish Danio re-
rio (208 bp; Izsvak et al., 1995) and Tsn1 in lake trout Salvelinus
namaycush (225 bp; Reed, 1999), while short inverted repeats are
known in other fish elements (Tbr1 in zebrafish, Tss1–2 and 1–3
in Atlantic salmon; Radice et al., 1994).
On the other hand, the Tana1 element presents some unique
characteristics not reported in other Tc1-like elements. Firstly,
Tana1 shows a partial overlap of 70 bp between the transposase
and the second TIR (at the 30 extremity of the transposase), which
means that the stop codon of the transposase is found within the
second inverted repeat. In all other Tc1-like elements, the TIRs
flank the transposase without overlapping as there is always a
non-coding region separating the transposase and the TIRs. Sec-
ondly, the spacing of the DDE motif within the catalytic domain
in Tana1 is unique, with 38 amino acids (DD38E) separating the
second aspartic acid and the glutamic residues. The atypical spac-
ing was observed in all sturgeon Tana1 sequences and differed
from the rest of Tc1/mariner elements by a four amino acid (EQGV)
insertion (Fig. 2).
Excluding mutations in defective copies, all Tc1-like and most
mariner elements contain a characteristic 34 amino acid spacing
(DD34E and DD34D; Capy et al., 1996), although IS elements with
a distance of 37 and 39 amino acids have been described in insects
and plants (Shao and Tu, 2001). The DDE signature and its spacing
seems to be highly conserved even across class I and class II ele-
ments, with the number of amino acids between the last two res-
idues ranging between 35 and 36 amino acids in LTR-
retrotransposons (Capy et al., 1996). While the presence of a com-
mon DDE(D) catalytic motif and a similar spacing of residues
points to a common ancestor for all class I and II transposable ele-
ments, the variability observed in spacing across subfamilies sug-
gest that the presence of the DDE motif is more essential than its
spacing. The catalytic activity of DDE motifs with longer spacing
such as Tana1 should be intact as shown in IS elements with a dis-
tance of 37 and 39 amino acids (Shao and Tu, 2001), which were
found in complete non-defective and highly similar copies sugges-
tive of recent transposition.
Phylogenetic analysis showed that the Tana1 element belongs
to the Tc1 family (Fig. 3). However, the high genetic distance with
the rest of Tc1 elements and the presence of a unique DDE spacing
(DD38E) suggests that Tana1 constitutes a new subfamily within
the Tc1 family. The copies isolated from 9 out of the 13 sturgeon
species investigated in our study presented the characteristic
DDE motif, while 3 copies (including one of the two A. naccarii se-
quences) presented a change in the third residue of the DDE motif,
a lysine in place of glutamic, turning it into a DDKmotif. Using site-
directed mutations in mariner elements, Lohe et al. (1997) showed
that these three amino acids are essential for all catalytic activities
Fig. 5. Metaphase plate of A. naccarii. Chromosomes are evidenced in red,
fluorescence in situ hybridization in yellow.
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and that a change in the third residue completely obliterates trans-
posase function. Transposase inactivation through changes in the
DDE motif seems to be associated to spatial constraints (the pres-
ence of the correct amino acid residue is required for the precise
spatial position within the transposase fold) rather than the loss
of catalytic activity (Plasterk et al., 1999). While the change from
DDE to DDK might render that particular transposase defective,
transposition could still occur mediated by a tranposase protein
encoded by a different source. When a given TE becomes non-
autonomous (i.e. loses the ability to synthesize functional trans-
posase), the element can continue to jump to different locations
within the genome as long as other autonomous TEs have an intact
gene that encodes and produces an active transposase.
Interestingly, the Tana1 element was also identified in the gen-
ome of Atlantic salmon Salmo salar following a search in GenBank.
While the element has not yet been described in Atlantic salmon,
the high similarity found in terms of sequence identity and struc-
ture, including the unique DD38E spacing, suggests that Tana1 is
not exclusive of sturgeons but also present in Atlantic salmon.
4.2. Tana1 is complete and potentially active
To date, only one Tc1-like element in fish has been demon-
strated to be functionally active, the Passport transposon isolated
from the European plaice Pleuronectes platessa (Clark et al., 2009).
Most Tc1-like transposons identified in fish are defective in that
they contain either insertions/deletions that result in sequence
frameshifts or point mutations that result in a premature stop co-
don or a nonsense codon in the transcribed mRNA. For instance,
Radice et al. (1994) characterized five TEs in fish, one from zebra-
fish Danio rerio, one from rainbow trout Oncorhynchus mykiss and
three from Atlantic salmon Salmo salar, all of which contained cor-
rupted reading frames. Similarly, one full length and two partial-
length copies of the Tsn1 transposon in lake trout Salvelinus namay-
cush contained stop codon mutations and were no longer func-
tional (Reed, 1999).
By contrast, the Tana1 element was found intact and complete
in the genome of A. naccarii, A. sturio, A. stellatus and A. nudiventris.
The transposase presented no internal stop codons or frameshift
mutations and the long inverted repeats were completely identical.
This is suggestive of a current or recent activity of Tana1, since
non-functional transposons are expected to rapidly accumulate
random mutations not only in the transposase but also in the in-
verted repeats, disrupting their complementarity. For the rest of
species, sequences showed either stop codons or sequence frame-
shifts but it should be noted that only one single colony per species
was sequenced. Coupled with the integrity of the element, a recent
activity of this transposon is sustained by the very high similarity
observed among the different copies of Tana1 isolated within and
across species and by the presence of the entire element in the
sturgeon transcriptome. Although further assays should be con-
ducted to test if the catalytic activity of the DDE motif is still intact
despite its unique spacing, we believe that there is sufficient evi-
dence to consider the element as putatively active.
Finally, using a relative quantification Real-Time PCR approach,
we estimated the number of copies of Tana1 in A. naccarii to range
between 764 and 1568 copies. Similar copy numbers were esti-
mated by Leaver (2001) using dot blotting in three Tc1-like trans-
posons, Passport in the European plaice Pleuronectes platessa (300
copies), SSTN in Atlantic salmon Salmo salar (1200 copies) and RTTN
in the frog Rana temporaria (500 copies). The localization of Tana1
on Adriatic sturgeon chromosomes showed a dispersed distribu-
tion. A similar pattern has been observed for other Tc1-like trans-
posons mapped in fish genomes (Capriglione et al., 2002; Teixeira
et al., 2009). On the other hand, compartmentalization of transpos-
able elements has been observed in species with reduced genome
size such as the pufferfish Tetraodon nigroviridis (DaSilva et al.,
2002), which might be the result of a process of containment of
transposable elements into the heterochromatic regions removing
them from euchromatin. This is in contrast with most vertebrate
genomes, where transposable elements are scattered in the
euchromatin as well as in the heterochromatin (DaSilva et al.,
2002). According to this trend, the widespread distribution of
Tana1 observed in sturgeons might be expected since sturgeons
have large genome sizes (Ludwig et al., 2001), with an estimated
genome size of 3.06 ! 109 bp for A. naccarii (Wuertz et al., 2006).
4.3. Ancient vertical or recent horizontal transmission?
Evidence that TE families include representatives in more than
one phylum has been interpreted by assuming ancestral relatively
conserved TEs with particular evolutionary characteristics or pos-
tulating recent horizontal transmission between species (Capy
et al., 1994a,b). After comparison of 17 Tc1-like transposons from
species representing three phyla (nematodes, arthropods and chor-
dates) in a highly conserved transposon family, Radice et al. (1994)
concluded that the highly diverged sequences found were consis-
tent with an ancient origin of the family possibly occurring before
the divergence of the major phyla, with no need to invoke horizon-
tal transmission. This is in contrast with the existence of virtually
identical Tc1/mariner elements in the genomes of insect species
that are thought to have diverged over 250 million years ago (Rob-
ertson and Lampe, 1995). A similar pattern has been found in P
transposable elements between insect species (Daniels et al.,
1990), suggestive of recent spread from one species to the other
by horizontal transmission.
The presence of Tana1 in all the 13 sturgeon species investi-
gated in our study (including the three genera of the Acipenseri-
dae: Acipenser, Huso, Scaphirhynchus, which are presently
distributed in different areas of Nearctic and Palearctic zoogeo-
graphical regions; Bemis and Kynard, 1997) strongly suggests ver-
tical transmission as the more likely process of dissemination of
Tana1 in this group of living fossils. The ubiquity of Tana1 points
to an ancient origin of the element that existed in the common
ancestor to all present sturgeons. At that point, Tana1 might have
contributed to the evolution of the particular genome of sturgeons
(e.g. fragmentation into a large number of chromosomes including
many microchromosomes). However, under the hypothesis of an-
cient origin a high divergence at the DNA level is expected between
present-day sequences (Radice et al., 1994), which is not observed
in our data. For example, high values of sequence identity are
found between A. naccarii and the most distant species within
the Acipenser group (A. sturio), unexpected for two species that di-
verged 170 million years ago (Krieger et al., 2008). One plausible
explanation could be the assumption of a slowed evolutionary rate
in sturgeons, which has been predicted on the basis of life history
traits (long generation time, large body size, ectothermy, late
maturity and low metabolic rate) and molecular data (limited
karyotypic and genetic differences) (Krieger and Fuerst, 2002).
Our data show a general discordance between the phylogenetic
trees of Tana1 and their sturgeon hosts. However, sequence simi-
larity deserves careful analysis since the inclusion of paralogous
copies (divergent copies of the original element) in the analysis
could produce a mis-match between the TE tree and the host tree
(Loreto et al., 2008). Moreover, the occurrence of introgression
events has been largely documented in sturgeons (Arefjev, 1997;
Ludwig et al., 2003) and this might have redistributed the genetic
diversity of Tana1 across species as hypothesized for other re-
peated sequences (Robles et al., 2004), with an effect similar to that
caused by horizontal transmission, in which, however, the transfer
occurs without reproduction.
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True horizontal transmission might have also played a role in
the dissemination of Tana1 as evidenced by the presence of a com-
plete copy in the genome of Atlantic salmon (GenBank
AGKD01009409) with a 91% sequence similarity. The presence, like
in this case, of high sequence similarity between TEs of very dis-
tantly related species is considered as one of the main evidences
of horizontal transmission (Loreto et al., 2008; Schaack et al.,
2010). The possibility that the two Tana1 forms descent by a com-
mon ancestor of sturgeons and salmonids can reasonably be ex-
cluded by the fact that the evolutionary rate of salmonids can
not explain this degree of conservation.
Vertical and horizontal transmission are not mutually exclusive
and may have concurred in shaping Tana1 evolution. A more
extensive investigation on the sequence variability of Tana1
expanding the number of species studied should be conducted in
order to explore the alternative evolutionary scenarios proposed.
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6. RIASSUNTO  
Genetica  della  conservazione  dello  storione  Cobice  (Acipenser  naccarii)  
  
Introduzione  
La   conservazione  ex   situ   rappresenta   una  delle   ultime   chance   di   sopravvivenza   per   tutte   le   specie  
considerate  a   rischio  di  estinzione   (Russello  e  Amato,  2004).   Il  presente   lavoro  nasce  proprio  dalla  
necessità   di   un   piano   di   incroci   ex   situ   a   lungo   termine   specifico   per   la   salvaguardia   di   una   delle  
ƐƉĞĐŝĞĞŶĚĞŵŝĐŚĞĚĞůďĂĐŝŶŽƐĞƚƚĞŶƚƌŝŽŶĂůĞĚĞůů͛ĚƌŝĂƚŝĐŽĞĚŝƚƵƚƚŝŝƐƵŽŝĂĨĨůƵĞŶƚŝ͘  
Il   progetto   prende   in   esame   la   specie   tetraploide   di   storione   Cobice   (Acipenser   naccarii),  
internazionalmente   conosciuta   come   Adriatic   sturgeon   (classe   Attinopterigi,   superordine  
Condrostei),  attualmente  considerata  ƐƵůů͛ŽƌůŽ  dĞůů͛estinzione.  >͛ĂďďŽŶĚĂŶǌĂĚŝƋƵĞƐƚĂƐƉĞĐie  è  infatti  
progressivamente  diminuita  negli   ultimi  decenni   a   causa  di  un  eccessivo   sfruttamento  della  pesca,  
ĚĞůů͛ŝŶƚƌŽĚƵǌŝŽŶĞĚŝƐƉĞĐŝe  aliene  e  del  continuo  degrado  degli  ambienti  naturali  (Ludwig  et  al.,  2003).  
Dal   1996,   lo   storione   Cobice   e   tutte   le   altre   specie   di   storione   sono   sotto   la   tutela   della   IUCN  
(International  Union  for  Conservation  of  Nature),   inserite  a  diversi   livelli  di  criticità  nella  Lista  Rossa  
per  le  specie  in  via  di  estinzione.  Nonostante  dal  1998  tutto  ciò  che  riguarda  il  commercio  di  prodotti  
o   individui  stessi  appartenenti  alla  specie  A.  naccarii  sia  regolato  anche  dalle  normative  della  CITES  
(Conservation  in  International  Trade  in  Endangered  Species  of  Wild  Fauna  and  Flora),  nel  Marzo  2010  
la   classificazione   dello   storione   Adriatico   nella   Lista   Rossa   è   passata   ĚĂ ͞Vulnerable͟ Ă ͞Critically  
Endangered͕͟ůŝǀĞůůŽĚŝĐƌŝƚŝĐŝƚăĂŶƚĞĐĞĚĞŶƚĞů͛ĞƐƚŝŶǌŝŽŶĞ;ŽŶŐŝƵet  al.,  ϮϬϭϭͿ͕ĐŽŶƐŝĚĞƌĂŶĚŽů͛ĂƐƐĞŶǌĂ
di  avvistamenti  di  avannotti  imputabili  a  riproduzioni  avvenute  in  natura.  
Con  il  progetto  Life  Cobice  (2004)  ha  avuto  inizio  uno  studio  volto  alla  salvaguardia  di  questa  specie  
in   linea   con   le   direttive   nazionali   e   internazionali   indicate   nella   Ramsar   Declaration   on   Global  
Conservation,  secondo  cui  ogni  pratica  futura  finalizzata  alla  conservazione  della  specie  dovrà  essere  
supportata  da  solide  basi  genetiche.  Durante   il  progetto  Life  Cobice  è  stato  possibile  caratterizzare  
geŶĞƚŝĐĂŵĞŶƚĞ ů͛ƵŶŝĐŽ ƐƚŽĐŬ ;EсϱϬͿĚŝ ƐŝĐƵƌĂŽƌŝŐŝŶĞƐĞůǀĂƚŝĐĂ ;ĐŚŝĂŵĂƚŽ&ϬͿĂƚƚƵĂůŵĞŶƚĞĞƐŝƐƚĞŶƚĞ͕
ƐƚĂďƵůĂƚŽ ĚĂů ϭϵϳϳ ƉƌĞƐƐŽ ů͛ǌŝĞŶǌĂ ŐƌŝĐŽůĂ s͘/͘W͘ ;KƌǌŝŶƵŽǀŝͿ͘ Ăů ϭϵϴϴ͕ ƉƌĞƐƐŽ ƋƵĞƐƚĂ ĂǌŝĞŶĚĂ͕
vengono   effettuate   periodiche   riproduzioni   controllate   e   tutti   gli   esemplari   allevati   in   Europa  
discendono   direttamente   da   questo   stock   (Congiu   et   al.͕ ϮϬϭϭͿ͘ ŽŶƐŝĚĞƌĂŶĚŽ ů͛ĞƐŝŐƵŽ ŶƵŵĞƌŽ Ěŝ
individui  F0   (13)  ad  oggi  sopravvissuti   la  pianificazione  di  un  programma  di  conservazione  ex  situ  a  
lungo   termine,   obiettivo   del   presente   progetto,   risulta   prioritaria   ed   è   strettamente   legata   alla  
gestione  della  variabilità  esistente  negli  stock  di  F1  ritenuti  nei  diversi  allevamenti.  
Lo   scopo  è  quello  di   garantire   la  disponibilità  di  un  parco   riproduttori   (costituito  da   individui  della  
generazione   F1)   che   rappresenti   il   più   possibile   la   variabilità   esistente   nello   stock   originario   e   di  
permettere  la  pianificazione  di  campagne  di  rilascio  controllate.    
Al   fine   di   proporre   un   programma   di   allevamento   specifico   per   lo   storione   Cobice   sono   stati  
considerati  anche  diversi  aspetti  legati  al  livello  ploidia  della  specie,  alle  caratteristiche  biologiche  e  ai  
vincoli  economici  e  logistici  legati  alle  pratiche  di  acquacultura.  
  
Risultati  e  discussione  
/ŶŝǌŝĂůŵĞŶƚĞů͛ĂƚƚĞŶǌŝŽŶĞğƐƚĂƚĂƌŝvolta  alla  determinazione  del  pattern  di  segregazione  allelica  nella  
specie  A.  naccarii.  
Le  analisi  genetiche  nello  storione  Adriatico,  e  più  in  generale  negli  Acipenseridi,  sono  complicate  da  
un  genoma  complesso   il  cui  grado  di  ploidia  è   tuttora  oggetto  di  dibattito   (Ludwig  et  al.,  2001).  La  
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specie   in  esame  viene  considerata  tetraploide  funzionale  e  presenta  un  genoma  composto  da  circa  
240  cromosomi  (Fontana  et  al.,  2008).  
La   condizione   di   tetraploidia   può   essere   raggiunta   mediante   meccanismi   di   allo-­‐   o   auto-­‐
tetraploidizzazione  ai  quali  vengono  associate  differenti  modalità  di  segregazione  allelica  nei  gameti,  
rispettivamente  disomica  e   tetrasomica   (Stift  et  al.,  2008).  Le  modalità  di  segregazione  allelica  non  
sono  mai  state  investigate  nella  specie  in  esame,  inoltre͕ŶĞůů͛ŽƚƚŝĐĂĚŝƵŶƉƌŽŐĞƚƚŽǀŽůƚŽĂůůĞĂŶĂůŝƐŝĚŝ
parentela,  dove  i  genotipi  attesi  nella  progenie  variano  al  variare  del  pattern  di  segregazione,  sono  un  
ƉƌĞƌĞƋƵŝƐŝƚŽĨŽŶĚĂŵĞŶƚĂůĞƉĞƌů͛ŽƚƚŝŵŝǌǌĂǌŝŽŶĞĚŝƵŶŵĞƚŽĚŽĚŝĂůůŽĐĂǌŝŽŶĞƉĂƌĞŶƚĂůĞ͕ƉĞƌla  messa  a  
punto  di  un  metodo  di  generazione  di  prole  virtuale  e  per  la  gestione  di  un  piano  di  incroci  a  lungo  
termine.    
>Ğ ĂŶĂůŝƐŝ ĐŽŶĚŽƚƚĞ Ă ƋƵĞƐƚŽ ƐĐŽƉŽ ŚĂŶŶŽ ƉĞƌŵĞƐƐŽ Ěŝ ƌŝŐĞƚƚĂƌĞ ů͛ŝƉŽƚĞƐŝ Ěŝ ĚŝƐŽŵŝĂ Ğ ŽŐŶŝ ĂůƚƌĂ
segregazione  di  tipo  intermedio  e  di  confermare  la  tetrasomia  come  pattern  più  probabile.    
Questi   risultati,   riportati   in   dettaglio   nella   corrispondente   pubblicazione   allegata   al   lavoro   di   tesi  
(Boscari   et   al.,   2011   -­‐   Annex   A),   hanno   fornito   un   importante   contributo   alla  messa   a   punto   del  
metodo  di   allocazione  applicato  durante   la   fase  di   caratterizzazione  degli   stock  e   ricostruzione  dei  
pedigree.   Inoltre,   i   dati   suggeriscono   ĐŚĞ ŝů ƌĂŐŐŝƵŶŐŝŵĞŶƚŽ ĚĞůů͛ĂƚƚƵĂůĞ ůŝǀĞůůŽ Ěŝ ƉůŽŝĚŝĂ ŝŶ ƋƵĞƐƚĂ
specie  sia  avvenuto  mediante  auto-­‐poliploidizzazione  ĂƉĂƌƚŝƌĞĚĂƵŶ͛ƵŶŝĐĂƐƉĞĐŝĞ͘  
Successivamente,  ci  siamo  concentrati  su  un  altro  aspetto  di   interesse  generale  per  gli  storioni  che  
ƌŝŐƵĂƌĚĂ ŝŶ ĚĞƚƚĂŐůŝŽ ŝ ŵĞƚŽĚŝ ƉĞƌ ů͛ŝĚĞŶƚŝĨŝĐĂǌŝŽŶĞ Ěŝ ƐƉĞĐŝĞ Ğ ƐŽƉƌĂƚƚƵƚƚŽ Ěŝ ŝďƌŝĚŝ͘ venti   di  
ibridazione  sono  comuni  in  ŶĂƚƵƌĂĞ͕ŶĞŐůŝƵůƚŝŵŝĚĞĐĞŶŶŝ͕ů͛ĂůůĞǀĂŵĞŶƚŽĚŝŝďƌŝĚŝŝŶƚĞƌƐƉĞĐŝĨŝĐŝŚĂǀŝƐƚŽ
un  notevole  incremento  grazie  soprattutto  alla  loro  precoce  maturità  sessuale  che  abbatte  i  costi  di  
mantenimento  e  produzione.    
/Ŷ ĂĐƋƵĂĐŽůƚƵƌĂ ğ ĐŽŶƐƵĞƚƵĚŝŶĞ ů͛ĂůůĞǀĂŵĞŶƚŽ Ɛimultaneo   di   più   specie   e   di   ibridi   aumentando   la  
ƉŽƐƐŝďŝůŝƚăĚŝ ŝŶĐŽƌƌĞƌĞ ŝŶĞƌƌŽƌŝŶĞůů͛ŝĚĞŶƚŝĨŝĐĂǌŝŽŶĞĚĞŐůŝ ŝŶĚŝǀŝĚƵŝĂŶĐŚĞĐŽŶƐŝĚĞƌĂŶĚŽĐŚĞ͕ĂĚŽŐŐŝ͕
non   sono   disponibili   metodi   genetici   affidabili.   La   maggior   parte   degli   strumenti   disponibili   in  
letteratura   si   basa   sul  DNA  mitocondriale   il   quale,   essendo  ereditato  per  via  matrilineare  non  può  
ĞƐƐĞƌĞ ŝŵƉŝĞŐĂƚŽƉĞƌ ů͛ŝĚĞŶƚŝĨicazione  di   ibridi   (Ludwig,  2008).  Pertanto,   la  disponibilità  di  un  buon  
metodo   di   identificazione   è   di   primaria   importanza   come   strumento   di   controllo   di   attività  
commerciali   (Ludwig   et   al.,   2008)   ma   ha   anche   una   diretta   ricaduta   conservazionistica   volta   alla  
ĐŽŶĨĞƌŵĂĚĞůůĂƉƵƌĞǌǌĂĚĞŐůŝŝŶĚŝǀŝĚƵŝĚĞƐƚŝŶĂƚŝĂůů͛ƵƚŝůŝǌǌŽĐŽŵĞƌŝƉƌŽĚƵƚƚŽƌŝ.    
In  questo   lavoro,  è  stato  messo  a  punto  un  nƵŽǀŽŵĞƚŽĚŽƉĞƌ ů͛ŝĚĞŶƚŝĨŝĐĂǌŝŽŶĞĚŝƐƉĞĐŝĞĞĚŝ ŝďƌŝĚŝ
basato   sulla   caratterizzazione   di   marcatori   nucleari   e   sulla   costruzione   di   un   pannello   di   primer  
specie-­‐specifici   costruiti   su   SNP  diagnostici   identificati   sul   primo   introne  del   gene  RPS7   (Ribosomal  
Protein  S7).   Inoltre,  per   l'identificazione  di   ibridi  sono  stati   incorporati  anche  dati   relativi  al  d-­‐Loop  
mitocondriale   e   al   gene   codificante   per   la   Vimentina   (in   collaborazione   con   dott.   Nikolai  Mugue   ,  
Russian  Federal  Institute).  
Tra  i  risultati  ottenuti,  riportati  nella  pubblicazione  Boscari  et  al.  (2014)  (Annex  B),  particolarmente  
ƌŝůĞǀĂŶƚĞŶĞůů͛ĂŵďŝƚŽĚŝƋƵĞƐƚŽƉƌŽŐĞƚƚŽĚŝƚĞƐŝğů͛ŝĚĞŶƚŝĨŝĐĂǌŝŽŶĞĚĞůƉƌŝŵŽŵĂƌĐĂƚŽƌĞƐƉĞĐŝĨŝĐŽƉĞƌůĂ
specie  A.  naccarii.    
Il   metodo   proposto   si   è   rivelato  molto   utile   neůů͛ŝĚĞŶƚŝĨŝĐĂǌŝŽŶĞ Ěŝ ŝŶĚŝǀŝĚƵŝ ŝďƌŝĚŝ Ăůů͛ŝŶƚĞƌŶŽ ĚĞŐůŝ
stock  analizzati  per  la  progettazione  del  piano  di  incroci.  
Ai  fini  della  costruzione  del  piano  di  incroci,  la  variabilità  genetica  di  tutti  gli  individui  F1  disponibili  in  
allevamento  è  stata  stimata  caratterizzando  la  regione  di  controllo  mitocondriale  e  genotipizzando  7  
loci  microsatellite.  I  profili  degli  individui  F1  sono  stata  quindi  confrontati  con  quelli  degli  individui  F0  
(Band-­‐Sharing),   tenendo   conto   del   modello   di   eredità   tetrasomica   precedentemente   osservato  
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(Boscari   et   al.,   2011).   Al   fine   di   migliorare   le   prestazioni   del   metodo   Band   Sharing,   utilizzato   per  
l'allocazione  parentale  in  Congiu  et  al.  (2011),  è  stato  sviluppato  un  nuovo  strumento  per  l'analisi  del  
pedigree  che  consente  la  stima  per  ogni  individui  di  un  indice  di  compatibilità  per  tutte  le  coppie  di  
putativi  parentali.   I  dettagli  del  metodo  sono  riportati  nel  manoscritto   in  appendice   (Boscari  et  al.,  
Manuscript  -­‐  Annex  D).  
Le   conseguenze   della   conduzione   di   programmi   di   recupero   senza   supporti   genetici   sono   stati  
valutati  nel  Parco  del  Ticino  (TRP),   in  Italia,  dove  in  passato  erano  state  eseguite  delle  campagne  di  
recupero  per  questa  specie.  La  bassissima  eterogeneità  osservata  in  questi  stock  F1  (Stock_1  con  Ni  =  
137  e  Stock_2  con  Ni  =  116),   in  parte  rilasciati  e   in  parte  destinati  ad  essere  utilizzati  per   le   future  
riproduzioni,  suggerisce  fortemente  la  necessità  di  una  completa  riorganizzazione  degli  stock  e  di  un  
coordinamento   degli   sforzi   condotti   dai   diversi   impianti,   prestando   particolare   attenzione   alla  
conservazione  a   lungo   termine  della  diversità  genetica  disponibile.   I  dettagli  di  questo   lavoro  sono  
riportati  nel  manoscritto  in  appendice  (Boscari  e  Congiu,  2014  -­‐  Annex  C).  
Al   contrario,   i   risultati   ottenuti   dalla   caratterizzazione   dello   stock   V.I.P.   di   445   individui,   ritenuti  
ƉƌĞƐƐŽ ů͛ĂǌŝĞŶĚĂ s͘/͘W͘ ĚĂůůĞ ƌŝƉƌŽĚƵǌŝŽŶŝ ĐŽŶĚŽƚƚĞ ŶĞŐůŝ Ƶůƚŝŵŝ ϮϬ ĂŶŶŝ͕ ŚĂŶŶŽ ŵŽƐƚƌĂƚŽ ƵŶĂ
considerevole  variabilità  in  confronto  allo  stock  parentale.  Su  445  individui,  382  sono  stati  assegnati  
correttamente  a  30   famiglie   e,   inferendo   le   relazioni  di  parentela   sulla  base  della  distanza,  è   stato  
possibile  identificare  altre  4  famiglie  tra  i  non  allocati.    
Per   la   costruzione   del   piano   di   incroci   (oggetto   del   manoscritto   in   appendice   -­‐   Annex   D)   viene  
proposta  una  strategia  in  due  fasi  in  cui  un  primo  programma  di  selezione  a  breve  termine,  basato  sui  
13   individui  F0  ad  oggi  sopravvissuti,  è  seguito  da  una  seconda  serie  di   incroci  tra   le  famiglie  F1.   In  
quest'ultimo   caso,   le   famiglie   F1   dello   stock   V.I.P.   sono   state   opportunamente   selezionate   per   la  
formazione   della   ͞breeders   unit͟   dalla   quale   verranno   successivamente   selezionate   per   gli   incroci.  
Anche  alcune  famiglie  dello  Stock_1,  i  cui  parentali  non  erano  rappresentati  nello  stock  V.I.P.,  sono  
ƐƚĂƚĞŝŶĐůƵƐĞŶĞůůĂ͞breeders  unit͘͟  
Nel  nostro  caso  la  strategia  proposta  non  è  basata  sulla  scelta  di  singoli  individui  da  incrociare  bensì  
sulla  scelta  di  combinazioni  familiari.  ĚŽŐŶŝĨĂŵŝŐůŝĂ͕ĚĞŶŽŵŝŶĂƚĂ͞priority  family͕͟ğƐƚĂƚŽĚĂƚŽƵŶ
ordine  di  priorità  da  seguire  per  la  riproduzione.  KŐŶŝ͞priority  family͟ğƉŽŝŝŶĐƌŽĐŝĂƚĂĐŽŶůĂ͞mating  
family͟ƐĞůĞǌŝŽŶĂƚĂƐƵůůĂďĂƐĞĚĞůůĂĚŝƐƚĂŶǌĂŐĞŶĞƚŝĐĂĂϮϰůŽĐŝ;ĐŽŶƐŝĚĞƌĂŶĚŽŝůƉƌŽĨŝůŽĐƵŵƵůĂƚŝǀŽĚĞŝ
parentali  componenti  ogni  famiglia).    
Il  piano  di  incroci  è  stato  simulato  in  silico.  Differenti  scenari  sono  stati  testati  stimando  l'efficienza  
della   trasmissione   allelica   nella   generazione   F2   al   fine   di   valutare   diverse   strategie   di   scelta   delle  
famiglie  da  incrociare  e  il  numero  ottimale  di  individui  per  famiglia  da  riprodurre.    
I   risultati   indicano   che   in   generale,   nel   breve   termine,   la   strategia   migliore   per   massimizzare   il  
mantenimento  della  variabilità  genetica  presente  nello  stock  F0  è  la  selezione  della  "mating  family"  
sulla  base  della  distanza  genetica  e  che  il  numero  consigliato  di  individui  da  riprodurre  per  famiglia  è  
tre.    
Inoltre,   la   sostenibilità   del   piano   di   incroci   in   acquacoltura   è   stata   simulata   sulla   base   di   vincoli  
economici  e  logistici  permettendo  così  la  valutazione  del  supporto  economico  richiesto  per  anno.    
Sulla  base  dello  spazio  disponibile   in  allevamento  e  considerando   i   tassi  di  mortalità  per   le  diverse  
fasi  di  sviluppo  il  lavoro  propone  anche  il  numero  di  individui  da  tenere  in  cattività  come  riproduttori  
(considerando  di  avere  circa  venti  individui  per  ogni  famiglia  di  10  anni  di  età)  e  da  rilasciare.  
In   conclusione,   la   strategia   qui   presentata   propone   il   primo   piano   di   incroci   mirato   alla   gestione  
coordinata   delle   azioni   intraprese   dalle   diverse   aziende   coinvolte   nella   conservazione   di   questa  
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specie,   con   l'obiettivo   finale  di   raggiungere   la   costituzione  di  popolazioni   auto-­‐sufficienti   idonee  al  
rilascio.  
Il  metodo   proposto   può   inoltre   essere   considerato   come   guida   per   la   salvaguardia   anche   di   altre  
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